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Development and Application of Predictor Model for 
Seasonal Variations in Skid Resistance (II) 
- Generalized Model -
Kazuo SAITO¥John 1.HENRY" and Robert R. BLACKBURN'" 
Abstract 
This paper describes some of the findings of a research program to develop and validate a model for predict. 
ing minimum pavement skid resistance values from measurements taken at any time dUfing the testing season. 
The model was developed by obtaining frequent skid resistance measurements during a season in several geog. 
raphical areas in the Un肘 dStates， namely Pennsylvania (1976-1980)， North Carolina and Tennessee (1979 
-1980)， Massachusetts (1978-1980)， and Florida (1979-1980). 
This model may be utilized to estimate the skid resistance at any time in the season from a measurement 
made during the same season， or to adjust skid resistance measurement made at any time during the season to 
the end.of.season level. To apply the model， the user should select the set of predictor coefficient values that 
pertains to the pavement type and geographical area of interest. The other information required is the average 
daily traffic (ADT)， texture measurements (MTD and BPM) for each site， rainfall history， ambient temperature 
history in the vicinty of the site， and the date. 
The model developed here was applied for predicting the level of skid resistance at the end of the year 
(SN64F) and for predicting the skid resistance at any day from a measurement taken on a different day. Based 
on these results， itis conlcluded that the generalized model is an effective analytical tool for estimating sea 
sonally adjusted values of skid resistance. 
1. INTRODUCTION 
It has been recognized that an important aspect of safe travel is the availability of adequate fric. 
tion between vehicle tires and wet pavement surfaces. Over the years， this friction factor， common-
ly known as pavemant skid resistance， has been measured in the field by various methods. The 
most widely used method in the United States is the measurement of the wet sliding friction be-
tween a full-scale test tire and the pavement， according to the ASTM E 274 Method of Test1). This 
method has been widely accepted because it is relatively straightfoward and has an obvious con-
nection with the problem it was designed to solve， namely， the skidding of vehicles on slippery 
roads 
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Figure 1. Skid Number (SN64) and Rainfall Data for the 1977 Test Season6) 
In several skid-resistance surveys， repeated measurements on the same pavements have revealed 
significant variations over both long and short periods of time. Efforts to determine the trends of 
these variations have pointed to a seasonal cycle where the skid resistance value (skid number) 
generally decreases in the summer through fal and is rejuvenated in the winter months. Furth-
ermore， skid numbers have been found to vary from week to week and even from day to day， par苧
ticularly where weather conditions may vary significantly (see Figure 1 ).2) -6) 
These variations in skid resistance make it impossible to determine the friction performance of a 
pavement from a single measurement. Not only it is difficult to specify minimum skid resistance 
value， much less enforce their maintenance， but it is also difficult to compare the skid resistance 
histories of different types of pavement. 
Transportation departments require the identification of friction levels on their road systems in 
order to take corrective measures where needed and to evaluate surfacing materials and practices. 
The minimum friction level for a given pavement is normally the critical level to be determined. 
but it is not possible to survey al or most pavements during the short period of time when the 
friction level is expected to be at a minimum. Thus， analytical proc巴duresare needed which pro-
vide a correction to the measured skid resistance for seasonal and short-term variations in test 
conditions. 
2 
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The Federal Highway Adoministration (FHW A) recognized the need for analytical means of in 
terpreting skid.resistance data subjected to seasonal and short-term variations. In 1978， FHW A 
initiated a three.year research program with the Pennsylvania Transportation Institute (PTI) of 
the Pennsylvania State University to collect frequent skid.resistance measurements of pavements 
in various geographical areas of the United States and to develop predictor models to describe sea. 
sonal variations in skid resistance of pavement surfaces 
Two models for predicting seasonal variations in skid resistance have been developed in this re. 
search program. One is a mechanistic model based on hypothesized mechanisms of wear and 
polishing of the pavement texture. Development and application of this model was already 
reported.7) -8) The other is a generalized model based on a purely statistical approach.This model 
was developed by obtaining frequent skid.resistance measurements during a season in several 
耳eographicalareas. This model may be utilized to estimate the skid resistance at any time in the 
season from a measurement made during the same season， or to adjust skid.resistance measure 
ment made at any time during the season to the end-of-season level. For the purpose of these esti 
mates it is necessary only to know the length of time since the last rainfall， the 30-day temperature 
history from a nereby weather recording station， the average daily traffc， and a skid-resistance 
measurement and the date on which it was made. In this paper， the modeling approach used in the 
development of a generalized model and some applications of the model are described 
2. DATA BASE 
The four geographical data sets were used in the development of the generalized predictor model 
and the associated predictor equations. These data pertain to sites in Pennsylvania， North' Carolina 
and Tennessee， Massachusetts， and Florida. The data bases consisted of skid-resistance measure 
ments taken at various speed， pavement-related data， weather-related data recorded at weather sta-
tions located near the test sites and the average daliy traffic (ADT) count for each site. 
(1) Pennsylvania Data 
The Pennsylvania data base used for the modeling consisted of daily and monthly nonwinter 
data associated with six highway sites for each of five years (1976-1980) and data from 16 addi-
tional sites for each of two years (1979-1980). 
The daily data consisted of information collected during skid-resistance testing of the site sur-
faces and weather-related information assembled from weather records. The data derived from the 
daily skid-resistance testing included: date， various skid-test data such as SN64， SN48， SN32， SN16 
which are the skid numbers measured at 64， 48， 32 and 16km/h respectively; and also air， tire， 
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and pavement temperatures recorded at the time of the skid test. 
Texture measurements were made monthly at each site and included British Pendulum Number 
(BPN) and mean texture depth (MTD) as determined by the sand-patch technique. 
General characteristics for each site were also available: type of pavement surface; pavement 
mix design; type and source of pavement aggregate; petrographic description; and ADT count for 
the facility 
(2) North Carolina and Tennessee Data 
The North Carolina and Tennessee data base consisted of daily and occasional monthly data 
associated with 11 sites. The data span a 16-month period from July 1979 through October 1980. 
Skid-resistance measurements were conducted mainly at 64km/h. The weather data covered a two-
year period (1979 -1980) and included the same information as was rεcorded for the Pennsylva. 
ma sltes. 
Mean texture depth， BPN， and outflow meter measurements were made seven times at each site 
during the 16-month preiod. The texture depth measurements were made using the sand-patch tech 
mque 
(3) Massachusetts Data 
The Massachusetts data base consisted of intermittently collected skid-resistance data from 3 
highway sites and weather-related information assembled from weather records. These data co 
vered a three-year (1978 -1980) period. Other data available included: type of pavement aggre-
gate; ADT count for the facility; and some fragmentary sand-patch and BPN measurements 
(4) Florida Data 
The Florida data base consisted of daily and monthly data associated with six highway sites 
The skid-resistance measurements were made mainly at 64km/h during an eight-month period 
(mid-July 1979 through mid-March 1980). The weather data covered a two-year period (1979-
1980) . 
Texture measurements using the sand-patch technique were made eight times at each site. Other 
data available included: air and pavement temperatures at the time of test; pavement mix design 
code; type and source of pavement aggregate; and ADT count for the facility 
3. DEVELOPMENT OF GENERALlZED MODEし
(1) Statistical Modeling approaches 
First， an overview is given of the modeling philosophy followed and the various modeling 
approaches tried. The primary goal of the modeling effort was to produce an equation， or model， 
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that reliably predicts pavement skid resistance. The predictive worth of such a model can be ev-
aluated in a rigorous manner， but the construction of candidate models is based on analytical 
judgement 
The development of the generalized model was guided by the foltowing modeling principles: 
1 . The model should be as simple as possible in mathematical form. 
2 . Idealty， the model should be amenable to standard statistical procedures， e目 g.，multiple 
regression analysis 
3 . The model should be compatible with， or at least not incompatible with， known physical 
characteristics of the system. 
4 . The application of the model should be readily explainable to practicing engineers. 
5 . Subject to alt these“simplicity" requirements， the model should nevertheless be quantita 
tively accurate enough to be of valuε. 
The order in which data became available greatly influenced the development of the generalized 
model. The data base for the initial modelng efforts consisted essentially of daily， nonwinter data 
associated with six highway sites in the immediate area of State Coltege， Pennsylvania for each of 
three years (1976， 1977， and 1978). The data base for these (original) six Pennsylvania sites 
was later extended over the period 1979~ 1980. Also， records for 16 additional Pennsylvania sites 
for these two years became available later for analysis along with texture data for al sites. Skid 
resistance， weather， and texture data were available subsequently from several other geographcal 
areas of the United States， namely North Carolina and Tennessee (1979 ~ 1980)， Massachusetts 
(1979~ 1980)， and Florida (1979~ 1980). 
Foltowing this chronological flow of information， the statisitical modeling approach can be 
summarized as foltows: 
1 . Investigate various forms of the generalized model and develop one that best describes 
the seasonal variation in skid resistance for the six (original) Pennsylvania sites for the 
years 1976 -1978. 
2 ， Apply the best generalized model developed for .the six sites to the same sites for' the 
years 1979 -1980， as welt as to the additional 16 sites for the same time period. 
3. Investigate the inclusion in the model of new independent variables and/or the removal of 
one or more independent variables already in the model. 
4 . Select a generalized model which is“best" in its capability to predict seasonal variation 
in skid resistance for Pennsylvania and， at the same time， ismost suitable from an en. 
gineering point of view 
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5. Compute predictor equations for other areas of the United States by using the best form 
of the generalized model. 
(2) Preliminary Modeling Approach 
Various responses were analyzed in the initial modeling efforts. The most extensive effort in 
both initial and subsequent stages was spent on modeling the seasonal variations in SN64 because 
of the general interest in this variable. Thus the discussion that follows concentrates on SN64・
The first modeling approarch consisted of passing a parabola in Julian calendar time， tj.
SN64= aO+ altj+ a2tj2 (1) 
via regression analysis through each site.year of SN64 data for the six Pennsylvania sites. This 
preliminary step was taken in order to decide whether a “real" SN64 regression model was feasible， 
i. e.， whether such parabolas reflect the general seasonal variation in SN64・Theexamination of re. 
siduals from the parabolic curve fits also allowed decisions to be made about the daily variables 
as potential predictors. The examination of the parabolic residuals for autocorrelation determines， 
to a degree， the feasibility of regression analysis as a modeling technique 
Because of the relative uniformity of the percentage of replicate errors (an average replicate 
error of 3.9 percent was observed in the measurement of SN64)， logarithmic parabolas of the from 
ln SN64= aO+ al句+a2句2
were also fitted to the SN64 data. 
(2) 
The parabolic fits， especially the logarithmic from， reasonably described the long.term variation 
of SN64. The analysis also showed， generally speaking， that the quadratic term and higher-order 
polynomials often did not improve the fit of the model. Thus， itwas decided that the mathematical 
form 
ln SN64= ao+ alIj (3) 
could be used to describe the general seasonal patterns observed for each site-year. This form 
served empirically to remove the general seasonal patterns so that the importance of other factOrs 
could be examined. 
A large number of regression analyses were examined in the development of a preliminary 
generalized model. The model that best described the seasonal variations in skid resistance for the 
six original Pennsylvania sites had the following form目
In SN64 = f (RF， T， T30， T90，ら) (4) 
or 
ln SN64= co+ clRF + c2T + C3T30十 c4T90十 cstj (5) 
RF is a rainfall function which exponentially smoothes rainfall amounts retrospectively and is 
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computed in the following manner for the ith day 
RF = 1/4Mi + 1/8Mi-1 + 1/16Mi-2+ 1/32Mi-3+ ・・・・… (6) 
where M1 is the rainfall (in mm) recorded for the ith day 
This RF was subsequently replaced by a dry spell factor， DSF， in later modeling efforts. T is 
the midrange of the daily maximum and muumum ambient air temperatures， T:10 and T90 are 30-
and 90-day exponentially lagged midrange ambient temperatures respectively， and tj is a Julian 
calendar term. It was preferable to predict statistically the logarithm of SN64 rather than SN64 it-
self. Equivalently， SN64 is then predicted as a product of exponential terms (rather than as a sum 
of the linear terms). 
The preliminary generalized model (5) was subsequently applied to two additional years of data 
(1979 -1980) as they became available for the same six sites as well as for the 16 additional 
Pennsylvania sites. In this analysis， two new variables， DSF and T p' were added to six variables 
included in model (5) to investigate the efficacy including in the preliminary generalized model new 
independent variables and/or the removal of one or more independent variables already in the 
model. T p is the pavement surface temperature at the time of the skid test， and DSF is a dry spell 
factor. DSF is an exponentially increasing function dependent upon the number of days， up to 
seven， since the last significant rainfall， defined as 
DSF = 1n (tR + 1 ) (7) 
where tR is the number of days since the last rainfall of 2，5 mm or more during one day (24h) 
80th DSF and T p were included in the modeling because these factors were found to be more im 
7J -8) 
portant in the mechanistic model 
A large-scale multiple regression was performed using the data from the 22 Pennsylvania sites 
for the two-year period 1979 -1980， Regression coefficients for each combination of variable and 
their associated R2 value were calculated and compared. Here R】 ISa measur巴ofthe variability in 
ワ
the data explained or accounted for by the respective regression model. This quantity can be interゃ
preted as a measure of the efficacy of the model in explaining SN64 variations 
The results of the individual regression analyses for nine models (combination of variables)βnd 
the respective R2 values showed that the adequacy of the models varies considerably betweεn 
asphalt and concrete sites. The two types of pavement were then considered sepal'ately， and aver-
age R2 values were determined speparately for the 7 portland cement concrete (PCC) sites and for 
the 15 asphalt sites. The models applied to the concrete sites yielded an average R2 value of only 
0，179， while an average R2 value of 0，431 was obtained for the asphalt sites. This finding led to 
the conclusion that only the results obtained from the asphalt sites should be considered in the 
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selection of the “best" model. Table 1 shows the average R2 values for nine models for asphalt sites 
in decending order. The followings can be drawn from Table 1 that: 
( 1) On the average， substituting the rainfall 
function for a dry spell factor had a neg-
Iigible effect on the regression results. 
( 2 ) The improvement obtained when the T90 
terln (90-day exponentially lagged midrange 
temperature factor) is included is of litle 
importance compared with the amount of 
additional weather information necessary 
to compute this factor. 
( 3 ) The substitution of the paver配ぽ ter叩 eratureat the tir肘 ofthe test， T p'for the daily 
midrange temperature， T， resulted in lower average R2values for the 15 asphalt sites. 
Table 1. The Average R 2 Values for Nine 
Model (Asphalt， 15S巾 s)
?????????????
lnSN64~ f(RF， T， T30， T90， tj， t) 0.460 ' '' ~j 
lnSN<^~ f(RF， T， T，^ TM ， t" t) 0.457 64-.，..， '30' '90' ~j 
lnSN<^~ f(RF， T， T，^ t" t) 0.450 64 .，.， .， • 30' ~ j 
lnSN<^~ f(DSF， T， T，^ t" t) 0.445 64-"uU' "'30' ~j' ~， 
lnSN64~ f(RF， Tp' T30， T90， tj， t) 0.434 
lnSN ，^~ f(OSF， T_， T，^ TM ， t" t) 0.431 64-'， uU' 'p' '3日・ 90' ~j 
lnSN64~ f(DSF， Tp' T30， tj， t) 0.432 
lnSN<^~ f(DSF， T， t" t) 0.406 64 '， uu. "~; 
lnSN<^~ f(DSF， T_， t" t) 0.378 6. ，uu. • p' _j 
In addition to these results， two other criteria for the “best" model were considered: 
1 . Simplicity of the model， i.e.， a model with the fewest variables and therefore easiest to 
apply， but nevertheless accurate. 
2 . Comparability with the mechanistic model in terms of the variables used 
Therefore， the following model 
ln SN64= f (DSF， T， T30， tj・t)・ (8) 
involving a dry spell factor， a midrange temperature， a 30-day exponentially lagged temperature， a 
Julian calendar time， and a long-term calendar time， was chosen as the best preliminary predictive 
model to describe the seasonal variation of SN64 for the Pennsylvania stites目
At this point in the development of the generalized model， itwas juged that t， the long苧term
calendar time， was not the most appropriate choice. A more site-specific time measure seemed more 
appropriate， and therefore， pavement age measured in year， ta， was chosen to represent the long-
term time influence. The substitution of ta for t also improved the fit of the model. For the 15 Penn 
sylvania asphalt sites (1979 -1980 data)， the R2 improved from 0，075 to 0.188. For the seven 
Pennsylvania concrete sites (1978 -1980 data)， the R2 value improved from 0.036 to 0.753. In the 
remaining of the model development， tawas used exclusively to describe the long-term time mea-
sure. 
(3) Description 01 the Generalized Model 
Mathematically， the seasonal variations of SN64 can be predicted by a product of six exponential 
terms: 
8 
Development and Application of Predictor Model for Seasonal Variations in Skid Resistance ([1)-Generalized Modelー
SN64 = eao ea，DSF ea，T ea3T30 ea，tj ea5t• (9) 
Alternatively， the natural logarithm of SN64 can be expressed as a linear combination of a constant 
plus five terms: 
1n SN64= aO+ a1DSF + a2T十 a3T 30+ a4tj + a5ta (10) 
where a's are model coefficients; DSF， T， and T30 are weather-related variables; tj is a Julian calen-
dar time; and ta is. the pavement age. DSF is a spell factor defined in equation (7)， where tR isthe 
number of days sincp. the last rainfall of 2 _ 5mm or more with an upper limit of seven days_ Hence， 
O 孟 tR三五 7and 0 DSF孟2.075.
The second term after the constant in (10) contains a measure of the ambient air temperature， T_ 
It is the midrange of the daily maximum (T u) and minimum (T d ambient air temperatures; 
T = (Tu + Td/2 
The third term contains a 30-day exponentially lagged temperature function. At any given day i， 
T30 is calculated iteratively as follows: 
T30i =αTi+α(1-a)Tiー1+α(1-a )2Ti'2 + 
???
where Ti isthe midrange temperature at day i and the constant αequals 1/30. The term “lagged" 
temperature reflects the fact that the term T30 represents a historical temperature function with a 
turning point that lags approximately 30 days behind the current temperature. Theoretically， the 
smoothing equation (l) extends infinitely backwards in time， although in practice the numerical im-
pact diminishes to a negligible magnitude in a finite number of terms_ 
The third and fourth exponential terms， tjand ta， are time trems that represent the short苧term
and long-term decays in skid resistance. The short-term calendar time， tj， isthe Julian calendar 
time and is expressed in days. The long-term calendar time， ta， has been set equal to the pavement 
age of each site and is expressed in years_ 
The numerical values for the a's are determined by stepwise multiple regression analysis. Equa-
tions (9) and (10) apply to a given site for several years， though different model parameter values are 
necessary to characterize different sites. When the model is applied to a site for a single year， the 
long-term function of time， ta， isomitted since it would be a constant for that year. 
(4) Summary of Model Results by Site for Pennsylvania 
The generalized model expressed by equations (9) and (10) was developed for the six (original) 
Pennsylvania sites (1976 -1978 data). It was then applied to 16 additional Pennsylvania sites (1979 
-1980 data)_ The adequacy of the model for each site-year combination was judged by the corres-
ponding R2 value. The goodness of fit of the predictive model varied from site to site for a given 
year and year to year for a given site. The predictive model was less powerful for the concrete 
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site than for the other five original sites (asphalt) for al five year. The R2 values of the model 
averaged over the years 1976 to 1980 for six original sites are shown in Table 2 
The model produced very poor results when applied indi. Table2. The R2 Valucs of the Model 
Averaged Over the Years 1976-
vidua¥ly to the 1979 and 1980 data associated with concrete 1980 f~r Six Original Sites 
2 site. The extremely low R" values obtained for these two 
years contributed to the low average RZ value for site 18. 
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cally significant. Such inadequacy of the model was not 
found for any of the site.year combinations of the five original asphalt sites. 
Another inconsistency was found when the model was applied to the additional 16 Pennsylvania 
sites. The R2 values of the model averaged over the ten asphalt sites more than doubled from 1979 
to 1980， whereas the R2 values averaged over the six concrete sites decreased by a small amount 
from 1979 to 1980. For the ten asphalt sites，良2= 0.224 in 1979 and 0.558 in 1980. For the six 
concrete sites， RZ = 0.357 in 1979 and 0.299 in 1980. In general， the model produced poorer rε-
sults for the 16 additional sites when applied to the 1979 data than when applied to the 1980 data 
This lack of fit was more evident for the asphalt sites than for concret巴sltes
The following conclusions were drawn from these results: 
( 1) the model cannot be applied uniformly to combinations of asphalt and concr巴tesltes; 
( 2) the model does not account for site.to.site and year.to.year variations; and 
( 3 ) the model needs to be applied to combined sites and years for a specific geographical 
area in order to reduce the number of sets of models required for a given area 
(5) Need for Introducing Additional Site幽SpecificTerms in the Model 
1n general， the model coefficients developed for a given site in a specific area of the United 
States would be applicable only to sites with similar weather and site characteristics. Thus， to 
minimize the number of sets of model coefficients needed 10 describe sites within an area， itis 
necessary to pool data from many sites in an area. On the other hand， combining the data for al 
sites in an area and ignoring the“site eftect" would result in a considerable loss of predictive pow 
er of the composite model. Therefore， model parameters that distinguish between pavements in the 
same environm巴nt，and classification by pavement type must be incorporated into the modeling 
Thus， the following model was investigated: 
ln SN64ニ ao十 alDSF十 azT十川T:m十 a1tj十むし+a6ADT + a7MTD + asBPN' (12) 
or， alternatively， 
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SN64 = ea" ea，DSF ea，T ea:;'l加 ea'lljea;)ta eaoADT eaiMTD eaxlPN (13) 
where the variables DSF， T， T3o，句， ta， are as defined in (10)， and ADT = average daily traffic in 
the lane tested， MTD = macrotexture term (sand苧patchtexture depth)， and BPNニ mlcrotexture
term. Each site was classified as either concrete (C) or asphalt (A). A further subdivision of the 
asphalt pavement group into dense.graded and open.graded bituminous pavements was not carried 
out， because of the small size of the subgroups. 
(6) Model Results by Geographical Area 
The specific predictive equations for the generalized model in (13) were determined from the data 
for the 22 sites in Pennsylvania， the 6 sites in Florida， the 3 sites in Massachusetts， and the 11 sites 
in North Carolina and Tennessee. Both pavement types， asphalt and concrete， were considered 
separately and together， i.e.， the generalized model was applied to the total data set. Within each of 
three groups， three models were used to calculated the coefficient values and R2 values: the model 
without the BPN factor; the model without MTD factor; and the model with both factors. 
The values of the model coefficients were accepted only if the contribution of the corresponding 
factor in explaining the variation observed in 1nSN64 is significant at the 90 percent confidence 
level 
The model results for Pennsylvania sites showed that the model without the BPN factor gives 
rather poor R2 value for the asphalt sites (R2 =0.56) and for al sites together (R2 =0.47); where. 
as for the concrete sites， the model yields a satisfactory R2 value of 0.76. lncluding BPN in the 
model (without MTD) improved the fit of the model by such as 54 percent for the asphalt sites (R2 
= 0，86) and by 77 percent for al sites together (R2 = 0.83). For the concrete sites， R2 value im. 
proved only from 0.76 to 0.80. lncluding both factors， MTD and BPN， in the model brought litle 
or no improvement over the model with BPN only. 
The standard error， Se， of the dependent variable 1nSN64 shows the same behavior for the diffe. 
rent models. lncluding BPN in the model but not MTD decreased the error by a considerable 
amount， while the inclusion of both BPN and MTD showed litle or no reduction over the error 
obtained from the model with BPN only 
The best predictor models for explaining seasonal variations in the skid resistance of Pennsyl. 
vania sites are those that have incorporated ADT， BPN， and pavement type. The best predictor 
model for asphalt sites is the one determined for the 15 sites (1司945observations) for the 1979 
1980 period as follows 
SN64 = eal ea，ls!， e"l、川ea1tjea;)ta♂".I¥DT e"'UI'l'i (14a) 
where ao=2.933 aj = -0.0397 a，ニ 0.00033 a4=ー 0.00034
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a5= -0.0143 a6= -0.000034 a8ニ 0.0196
and R2=0.86 
The best predictor model for concrete sites is the one determined for the 7 concrete sites (926 
observations) for the 1979-1980 period as follows: 
SN64ニ eaoea，DSF ea，T ea3T却 ea5t，ea6ADT ea8sPN 
where aoニ 2.747 a1=-0.0222 a2= -0.0015 a3=0.001l 
a5= -0.0159 a6= -0.000008 a8=0. 018 
and R2=0.80 
Table 3. Model Coefficients for Various Geographical Areas 
G田ghra日昌同1lcai PaTv申YI同mot '0 " " 'J " a う " " " p2 
Pensyl河01 As同1I t 2.93 -0.0:597 0. 0ー.003-0.0034 -0.0143 -0，0034 0.0196 0.86 
Concr唖te2.747 -0.022 -0.015 0.01 0. 世0.015'1 -0.000日 0.1 B 0.80 
Flor Ida "凶aけ 4.106 -0.0125 -0，007 0.017 -0.0035 -0.0670 -0.0012 -0.058 0.79 
Concreta --------ー---崎ーー 喧ー咽司t-bData Avalable ---------
MaSiKhusets As凶，It ーーーー ーー -----Generd ↓I zed "bdel In時計19at回吋5IndeQudte -一一一ー一一今一一ー一一
α:Jrlcrete --ーーーーー ー-----ーーー- "b Date. Avalable ----------- ョー ャ
出什tlCaroln2l/ As凶alt 3.065 -0.097 0. 0. -0.00 -0.0151 0.0031 0.0138 0.91 
γenese 
wr'lcre同 1.726 -0.028 0. -0.028 ・0.0018 0. 0. 0. 0.69 
IThasa r;. vi'Jluas raflact tha g.xJdnes of千!t0 f the町deltor the 9朗9'^凶ICi'J1dr伺 stor .hlch tha ordal has ban deva!o閃d
dn dre 0内Iydn ¥ndlc肘orof 1'0"同 1 十heI!Ddel mlg附岡山 lnfuture apl !catJons. 
IA b I dnk1 nd!cdtes十hltterm WIlS exc1岨edtro1T十同問dal.
(l4b) 
Values for the predictive parameters of the model were computed for other three geographical 
areas in the same manner for the Pennsylvania sites. The best predictor models and associated 
coefficients for the various geographical areas are summarized in Table 3. Some of the coeffi 
cients in the tabulation were set equal zero. These zero values denote that the contributions of the 
associated factors toward explaining the variations observed in 1nSN64 is not significant at the 90 
percent confidence limit 
4. APPLlCATION OF THE GENERALlZED MODEL 
To apply the generalized model， the user should select the set of predictor coefficiεnt values 
from Table 3 that pertains to the pavement type and geographical area of interest. The other in 
formation required is the average daily traffic (ADT)， rainfall history， ambient temperature history 
in the vicinity of the site， and the date. When a prediction of SN64 on a particular day is required， 
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texture measurements (MTD and BPN) are needed. but when a year-end level or a prediction on 
day k based on a measurement on day j is desired. texture data are not needed. as shown below. 
The generalized model with an appropriate set of predictor coefficients can be used in several 
ways to furnish quantities of interest to the user 
(1) Prediction of SN64 on a Particular Day 
As an example. consider the following data for Pennsylvania site 19 on June 11， 1980 (tj = 163): 
DSF =0.693 
T =48 (OF) 
T30 =40 (F) 
ta = 19 (years) 
ADT =7000.(vehicles per day) 
MTD =0.51 (mm) 
PBN =54 
The generalized model predicts. for June 11， 1980: 
SN64ニ e2.933eO.0397 (.693) eU(48) e -0.00033(40) e -0.00034 (163) e -0.0143 (19) e -0.000034 (700) eOl.51) eO.0196 (54) 
=29.5 
The skid number actually measured on June 11， 1980 was 30..2. 
(2) Prediction of Year-Endしevelof Skid Resistance， SN64F 
The generalized model can be used to adjust. for seasonal variations. the skid-resistance 
measurement taken at any time of the year. A method to predict the level of skid resistance at the 
end of the year (SN64F) from a measurement taken at any time (day j) during the season (SN64j) had 
been developed for the Pennsylvania sites from the generalized model. 
The generalized model recommended for the Pennsylvania sites contains only the annual average 
BPN as a site-specific variable and is expressed in the form: 
SN 64j = eao ea1 DSF ea， Tea3 T却 ea4ljea5t， ea6ADT ea8BPN (15) 
where SN64j= skid resistance measured on day j. 
For the application of the generalized model to the Pennsylvania sites. the BPN term in equation 
(15) was replaced by another site-specific variable. SN64F (the observed final skid-resistance level). 
to yield the following form of the generalized model: 
SN 64j = eao ea1 DSF ea2 T ea3 T却 ea.j，teasta ea6ADT ea9SN641 (16) 
The values of the coefficients in equation (16) have been determined from the observed data， so 
that the adjusted skid number can be predicted mathematically by a linear relationship produced 
by taking the natural logarithm of SN64j in equation (16) and rearranging: 
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SJV6rlFzl-(a{十 a，DSF+a，T+ a.，T30+ a，tj+ a.t，+ a，;ADT+ lnSN(Aj) ト (-3，)¥01) ! al .lJ "J~ ， U~ .l ， (  L{ -'，)U' U1"'J (Jわ
In this analysis， the 1979 and 1980 
data values of SN64F (listed in Table 
4 )， which were calculated from the 
terminal values of SNOF and PNG by 
equation (18) shown in the previous 
paper8) ， were used with the weath-
Table 4. SN64F Values Calculated from SN OF in the Mecha-
nistic Model for 1979 and 1980(Pennsylvania Sites) 
er-related data 
SN61F = SNOF eO.6PNG (18) 
where SNOF = the level of SNo after 
the pavement is fully polished. SNOF 
is independent of both seasonal and 
short-term variations. SNo skid 
numder-speed intercept and is re 
lated to microtexture. PNG per-
cent normalized耳radientand related 
to macrotexture. 
The coefficients that resulted are 
shown in Table 5 for each pavement 
















































"'DG dense-qraded asphalt; OG open-graded aspha1t; PC portland cement 
COl¥crete 
For this application， the adjusted 
level of skid resistance (SN61ド)was predicted for asphalt pavem巴ntsfrom each observation during 
the 1980 test season. As an example， consider again Pennsylvania site 19. From the observed 
value of skid resistance on June 11， 1980， the model predicts the year-end level using equation (J7) 
Table 5. Values of Model Coefficients for Each Pavement Type (Pennsylvania Sites， 1979 
and 1980) 
a司 '1 '1 '3 '4 '5 '6 '9 R' 
P avement Type (DSF) (T) (T 30) (t j) (t a) (叩T) (SN64F) 
一一一一一一一一一一一一一一一一
Asph，lt 3.14 -0.0371 。 -0.018 -0.0047 -0.041 。 0.014 0.85 
Concret巴 4.164 -0.0195 -0.019 0.013 。 -0.040 0.0 -0.02日 0.73 
Al Sites 3.186 -0.0186 -0.015 0.0063 0.0056 -0.045 0.0020 0.0104 0.75 
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with the data from the example in previous section (2) and with SNo4jニ 30.2as follows: 
SN641'= 13.124-0.0371 (.693)十0(48)+ 0.0028 (40) -0.00047 (163) 
-0.0244 
-0.0041 (19) +0 (7000) -1 n (30.2) I =23.6 
The value of the year.end level observed for site 19 in 1980 was 26. 3 . 
Table 6. Comparison of Measured SN64， Adjusted SN64F， and Observed SN 64F for 
Asphalt Pavement Surfaces (Pennsylvania Site.s， 1980) 
Measured SN64 Adjusted 5N64F 。bserved世
5N 
S iteNo 問ean 5.0. Max. 附in. 刊ax.-Min. Mean 5.口 問ax 川in. 問ax.ー阿in. 64F 
l 31.05 4.31 46.20 25目80 20.40 24.71 3.79 35.4 17.94 17.50 26.07 
4 3.54 3.82 42.60 26.80 15.80 27.623.4836.7820.0016.78 27.91 
8 3.03 5.1 50.0 27.0 23口D 26.82 4.39 38.34 18.8 19.46 29.12 
9 43.23 3.76 53.40 35.80 17.60 38.13 2.97 4.95 30.57 14.3日 41. 80 
1 30.30 3.62 42.60 24.60 18.0 25.05 3.74 34.86 17.79 17.07 26.70 
12 43.18 3.5 51.0 35.0 16.0 38.4 2.49 43.27 31.08 12.19 31.31 
13 65.7 2.95 73日 60.20 12.80 5.25 1.9 60.30 51.58 8.72 5.80 
15 68.70 2.97 76.0 62.80 13.20 57.01 2.34 63.25 53.10 10.15 5.03 
16 2.32 2.61 32.60 18.70 13.90 12.05 3.42 21.82 5.38 16.4 19.51 
17 36.41 5.50 47.20 26.0 21.20 30.24 4.73 37.83 20.05 17.78 26.07 
19 29.75 2.60 36.80 25.60 1.20 23.72 2.42 30.21 19.67 10.54 26.2日
10 36.75 2.91 46.0 31.50 14.50 32.28 2.40 38.56 27.21 1.35 34. I 
21 35.34 3.37 43.80 31.20 12.6日 29.28 2.40 3.50 26.01 7.49 26.12 
2 59.13 3.02 67.日 52.50 14.50 50.57 1.6 53.98 46.86 7.12 45.98 
24 28.62 3.46 40.80 24.40 16.40 2.63 3.47 31.52 17.6 13.86 23.36 
25 54.40 目1664.4049.60 14.80 47.28 1.82 51.70 43.65 8.05 45.06 
育ObservedSN64F was det巴rm;ned from observed SNOF and PNG by us i ng equat i on (21) 
The results of applying the model in this way was shown in Table 6， where the mean. standard 
deviation. and range of the obsεrved SN64 and the mean. standard deviation， and the range of pre. 
dicted final skid.resistance level (SN64F) can be compared. In most cases. both the range of the 
observed data and the standard deviations were reduced by the application of the model. The aver 
age standard deviation for the observed SN64 data is 3.55， which is reduced to a standard devia← 
tion of the adjusted SN64F of 2.95. 
In Figure 2， good agreement is shown b巴tweenthe observed SN64F and the average of the daily 
predicted values of S!'!64F・ Whenapplied to the portland cement concrete sites. however. the 
model was not successful. The reason for this may be the different behavior noted in the skid 
resistance histories for the PCC sites as well as the relatively small number of PCC sites (5) 
compared with the number of asphalt sites (16). 
Furthermore. it has been shown that there is very good agreement between SN64F estimated 
by the generalized model and SN64F estimated by the mechanistic model which was already 
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20 30 40 50 60 70 
MEAN ADJUSTED SN64F 
Figure 2. Comparison of Observed SN64F and Adjusted 
SN64F Obtained by Using the Generalized Model 
for Asphalt Pavement Surfaces 
(Pennsylvania Sites， 1980) 
(3) Estimation of Skid Resistance at Any Time from Measurement on Another Day 
A third application of the generalized mod巴1is to estimate the skid number at any time from a 
measurement on another day using the model developed in the previous section (2). For asphalt 
pavement surfaces， the skid number on day j (SN64j) can be predicted in the form: 
SN64j = eao ea1DSF， ea3T3oj ea，t， ea5ADT ea9SN64F (19a) 
The skid number on another day (k) can be predicted in the form: 
SN64k= eao ea1DSFk ea3T川 ea4tkea5ADT eagSN帥 (19b) 
where the regression coefficients are given in Table 5， and noting that the value of a2 is zero for 
this application. The ratio of SN64k to SN64j is then formed: 
SN 
0 l'46主主ニぷ1(DSFk-DSF，)ぷ3{T30kーT:lO，)ea，(tk -t，) 
SN64j 
(20) 
Thus the relationship to estimate the level of skid resistance at day k from a measurement taken at 
day j isformed 
SN64k = SN64j leaJ (DSFk-DSF，) ea3 (T初k-t抑)ea4(tk-t')1 (21) 
As an example of the app'lication， the skid resistance on April 17， 1980 (tk = 108) can be esti-
mated from the June 11， 1980 (tj = 163) data. 1n addition to the data for June 11， as given in the 
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20 30 40 50 60 70 
MEAN ADJUSTED SN64F by GenerロlizedModel 
ai 70 
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example in previous section (1) and 
the following data for April 17 
Inserting these data and the data 









listed in section (1) for day j， the 
following the model (21) provides 
estimate for skid resistance on April 
le -0.0371 (] .099 -.693) 
17 : 
SN64k = 30.2 
Figure 3. Comparison of Adjusted SN 64F Obtained by the 
Generalized Model and Adjusted SN 64F Obtained 
by the Mechanistic Model for Asphelt Pavement 




e -0.0脳 7(108--163) I 
The skid number measured on April 
Table 7. Prediction of Skid Resistance (SN) on Day k from the Measurement Taken 
at Day j by Use of the Generalized Model (Pennsylvania Sites， 1980) 
Site 16 
Measured Predicted Dif 
Si te 1 Site 4 Date 
Oay j Oay k Oif 





































ー 25.2 23.2 2.0 
33.1 -0.6 11.7 11.4 0.3 
3.1 -1.5 11.0 11.4 -0.4 
34.3 -3.5 11.4 13.1 -1.8 


















































17 was 33.8. 
The results of applying equation包1)in this way to some of the Pennsylvania sites are shown in 
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Table 7. In this case， three days (j) in August were used， and the skid resistance for five days (k) 
in May was estimated for asphalt pavement surfaces. The results show good agreement between 
measured SN64 and predicted SN64 for each site. Therefore， itcan be concluded that the generalized 
model can be used to estimate the skid resistance at any day in the past from a measurement made 
at a later date. ln this form the model can be used in the investigation of accidents. The model 
similarly could be used to predict skid resistance at a future date given an assumption about 
weather conditions (T30 and DSF) for that date. 
5. CONCLUSIONS 
The following conclusions were drawn from the analysis of the generalized model: 
(1) An effective and relatively simple generalized model for estimating SN64 of a site has been 
constructed. The use of the model requires a sel of coefficients and knowledge of the age of the 
pavement; the average daily traffic count for the site; an annual estimate of the BPN value or the 
mean texture depth for the site as determined by the sand-patch technique; the rainfall and 
ambient air temperature histories in the vicinity of the site; and the date 
(2) The goodness of fit of the model for a regional set of highway sites was improved by adding 
ADT and a measure of surface texture (as determining by BPN and sand.patch mean texture 
depth) as factors to the model and by determining the predictor parameters separately for asphalt 
and concrete pavements. The improvement was greater when BPN was added than when mean tex-
ture depth was included. 
(3) Highly satisfactory predictive coefficients for the model were developed separately for 
asphalt and concrete sites in Pennsylvania and in the North Carolina/Tennessee area and for 
asphalt sites in Florida. Less than satisfactory predictive coefficients were developed for asphalt 
sites in Massachusetts. The goodness of fit of the model as measured by the R2 velues for the high. 
way sites in the three areas， excluding Massachusetts， ranged from a low of 0_69 to a high of 
0.91. 
(4) Relatively large differences between geographical areas can be se巴nin the model coeffi-
cients. 
(5) Since it is a multiple regression equation， the generalized model can be used directiy to 
establish future SN64 values or future SN64 mean values for a given site. 
(6) The equation to predict the level of skid resistance at the end of the year (SN64F) from a 
measurement taken at any time during the season (SN64) have been developed for the Pennsylvania 
sites. In the generalized model， the巴quationtakes the form: 
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SN64F=二十(九十 aPSF+九T十九T30+引tj+acta +丸山一凶N64)。9
where the model coefficients for the Pennsylvania sites are those given in Table 5 . 
(7) The results of the application of this model to the 1980 data for Pennsylvania sites have 
been shown in Table 6. Based on these results. it is concluded that the generalized model is effec-
tive predictor model for estimating seasonally adjusted values of SN64・ Furthermore，it has been 
shown that there is very good agreement between SN64F estimated by the generalized model and 
SN64F estimated by the mechanistic model， as shown in Figure 3 . 
(81 Further application of the generalized model has bぽ nmade to predict the skid resistance at 
any day from a measurement taken on a different day. The relationship to predict the level of skid 
resistance at day k from a measurement taken at any day j has been developed from the general-
ized model for Pennsylvania asphalt sites in the from: 
SN64k= SN64j !eaj(DSFk-DSFJ) ea3(T川 T叫)ea，(tk-t)1 
where the model coefficients are those given in Table 5 . 
(9) The results of the application of this equation to the 1980 data from some Pennsylvania 
asphalt pavement sites was shown in Table 7. The average differences between measured and 
predicted SN64k for al Pennsylvania asphalt pavement sites are given in Table 8. It can be seen 
that the mechanistic model produces better predictions. less variation， than those produced by the 
generalized model. 
(10) All the predictions consi 
Table 8. Average Differences Between Measured and Predicted 
SN 64 k for All Pennsylvania Asphalt Pavement Sites 
dered above must be compared with 
the possible variations in SN64 Day j 
measurements resulting from 8/18/80 
measurement errors and other 
sources error. Meyer. Hegmon. and 
9) 




Average Std. Dev. 
2 _3 2 _89




Averag巴 Std.Dev. Observat; ons 
1.1 2.56 61 
0ー.4 2 _ 51 62 
0.2 2.09 47 
factors responsible for errors in locked-wheel skid-resistance tests and have calculated the aver-
age error band associated with each type oferror. Th巴sefactors include: 
Speed holding 
Pavement variability， lateral 
Pavement variability， longitudinal 
Dynamic wheel-load change 
:I 1.5 SN 
:I 4 SN 
土 2 SN 
:I 1 SN 
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Data evaluation by operator 士 3 SN 
Compared with these errors， the differences betw巴enmeasured and estimated SN64， as shown in 
Table 8 ， and the predicted SN64F， as shown in Tables 6 and 7 ， are less than the expected varia 
tions in SN64 measurements resulting from measurement errors and other sources of error. 
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APPENDIX 
Measurement Required For Seasonal Adjustment 01 Skid Resistance 
The two models developed in this research require similar inputs to describe weather and long-term con 
ditions. The mechanistic model also requires aggregate properties which are not yet well identified 
Four types of inputs are required， assuming that a measurement of skid resistance has been made on a par 
ticular day 
1， Observations made at the time and location of the skid-resistance measurement. 
2. Data available from weather records at an NOAA weather reporting station， ideally located on more 
than 5 to 10 miles from the location of the pavement site 
3. Pavement history including age of wearing course， ADT， and pavement type 
4. Aggregate properties and texture measurements 
In the conduct of research. measurement were made which were not used in the final predictor models， 
either because the models were not sensitive to these measurements or because the measurements were 
themselves highly correlated with other measurements used in the models， 
The measurements used in the mechanistic model are given in Table A-1 . and those used in the general 
ized model are given in Table A-2. All the measurements performed in the course of the research， many 
of which were not used in the model. are listed in Table A-3 . 
The mechanistic and generalized models require similar types of data; however， the mechanisitic model 
requires BPN measurements taken before and after polishing with the Penn State Reciplocating Pavement 
Polisher or a similar device. The machanistic model also requires skid resistance-speed data in order to 
calculate the percent normalized gradient. The generalized model uses texture data (MTD and/or BPN) 
rather than observations of skid resistance as inputs; however. equations 1日and(20)， developed to apply the 
Table Aー MeasurementsRequired by the Generalized Model 
Observations made at time of test (on Julian calendar day， t)
1. Skid-resistance measurements (ASTM E 274): SN64 
2. Weather station d呂ta
A. Maximum and minimum temperature for a period of 30 days prior to date of test and on date of 
test. (To calculate T and T30 using equation (11) 
B. Rainfall: Total precipitation per day for at least 7 days prior to the date of test. (1'0 calculate 
dry spell factor， DSF， by equation (7) 
3. Pavement data 
A. A verage daily traffic in lane tested (ADT) 
B. Pavcment surface age in years since last resurfacting (ta) 
C. Pavement type --PCC， dense graded， open graded 
4. Texture data (optional)' 
A. Sand-patch mean texture depth (MTD) 
B. British pendululTl number (BPN) 
本Theseneed not be measured to apply the predictor model if the model is being used to predict SN6.W or 
to prεdict the skid resistance on a day other than on which the measurement was made 
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gen巳ralizedmodel， are based on skid-resistance measurements rather than texture data. The resulting 
generalized models thus utilize readily available data 
Table A-2 Measurements Required by the Mechanistic Model 
1. Observations made at time of test (on J ulian Calendar day， t)
A. Skid resistance measurements (ASTM E 274) 
1. SNG4 
2. SN48， SN別 (orpercent normalized gradient， PNG) 
B. Pavement temperature.Tp 
2. Weather station data 
A. Rainfall: Total precipitation per day for at least 7 day prior to date of test. (To calculate dry spell 
factor， DSF， by equation (7)) 
3. Pavement data 
A. A verage daily traffic in lane tested (ADT) 
B. Pavement type - PCC， dense graded， open graded 
4. Aggregate and texture data 
A. British Pendulum Number (BPN)(ASTM E 303) 
B. BPN2000: BPN after 2000 cycles of polishing 
Table A-3 Measurements Made During the Course 01 the Research 
1. Frequent tests on pavements 
A. Skid -resist呂ncemeasurements (ASTM E 274) 
1， SN64 
2. SN18， SNso (or SNQ， PNG) 
3. SN~8 ， SN~o (or SN~) ， PNGB) - bra此 tlretests 
B‘ Temperature obsevations 
1. Pavement temperature (Tρ) 
2. Air temperature (T a) 
3. Water temperature (T w) 
4. Tire temprerature (Tt) 
2. Wωther station data 
A. Maximum and minimum daily temperature (NOAA Station) 
B. Temperature at 8 : 00a.m. standard time (NOAA Station) 
C. Relative humidity (NOAA Station) 
D. Cloud cover (NOAA Station) 
E. Wind direction and speed (NOAA Station) 
F. Precipitation (total per day) (NOAA Station) 
G. Rainfall rate during test season (tilting bucket at local site) 
22 
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3. Pavement data 
A. Pavement type 
B. Aggregate source 
C. Mix design 
D. Construction date 
E. Average daily traffic (includlng traffic classificatio日)
4. Texture measurements (monthly) 
A. BPN (ASTM E 303) 
B. Sand-patch mean texture depth (ACPA Method) 
C. Microtexture profiles 
D. Macrotexture profiles 
E. Stereo photographs (ASTM E 559) 





Experimental Study on Shearing Strength 
of Four Pile Caps 
Kazuo Ohtsuki and Tsutomu Tsuchiya 
Abstract 
ln this paper ninety~eight reinforced concrete pile caps. each with four piles， were tested under vertical 
load. The vuiables involved were spacing of piles， arrangement of reinforcement， side length of column. side 
length of pile cap and depth of pile cap. For a1 pile caps final failure was in shear. In the shear failure three 
I.ypical forms were recorded. The first was the punching fai lure by the column punching through the pile cap. 
The second was the one similar to that in a wide beam， with the pile cap splitting into halves which were dis-
placed vertic昌1yrelative to one another. The third was the shearing failure in which the corners of pile cap 
were broken off 
In regard to the ultimate shearing strength the results of the test were compared with the values calcuated 
according to the provision for the shear in A. 1. J. Building Code Requirements for Reinforced Concrete(1982)， 
to that in A. C. 1. Building Code Requir巴mentsfor Reinforced Concrete(ACI 318~83) ， to the equations proposed 
by others and to that by authors. 
To conclude the discussions the calculated values according to the author's equations and to the provision 
















































試験体 板辺長 柱辺長 杭閥隔 脱原 画d 筋
番号 lx X ly Cx X Cy Lx X Ly (合効回) re* 
言己 主ま (cm) (cm) (cm) (cm) x )j I両j y方向 (kg/ cdt 
1 SD也1 90 x 90 18 x 18 60 x 60 15 (12) 15-D13@60 15-Dl3理60 210 
2 2 90 x 90 18 x 18 60 x 60 15 (12) 15-D13@60 15也D13@60 220 
3 3 80 x 80 14 x 14 44 x 44 20 (15) 12-DlO@60 12-DlO@60 268 
4 4 80 x 80 14 x 14 44 x 44 20 (15) 12-D10@60 12-DlO@60 241 
5 5 80 x 80 29 x 29 44 x 44 20 (15) 12-DlO昭60 12-DlO@60 223 
6 6 80 x 80 29 x 29 44 x 44 20 (15) 12噌DlO@60 12-D10@60 245 
7 7 80 x 80 36.5x 36.5 44 x 44 20 (15) 12-DlO@60 12・D10@60 259 
8 8 80 x 80 36.5x 36.5 44 x 44 20 (15) 12-DlO@60 12-DlO@60 259 
9 9 90 x 90 20 x 20 50 x 50 25 (20) 10-D13@80 10-D13@80 211 
10 10 90 x 90 20 x 20 50 x 50 25 (20) 10-D13@80 10鳴D13@80 224 
11 11 90 x 90 20 x 20 50 x 50 25 (20) 10-D13@80 10-D13@80 194 
12 12 90 x 90 20 x 20 50 x 50 25 (20) 10-D13@80 10田D13@80 188 
13 13 90 x 90 20 x 20 50 x 50 25 (20) 10也D13@72.5 10-D13@72.5 208 
14 14 90 x 90 20 x 20 50 x 50 25 (20) 10-D13@72.5 10-D13@72.5 214 
15 15 90 x 90 20 x 20 50 x 50 25 (20) 10-Dl3昭30 10-D13@30 188 
16 16 90 x 90 20 x 20 50 x 50 25 (20) 10姐D13@30 10-D13@30 202 
17 17 90 x 90 20 x 20 50 x 50 25 (20) 7司D13@30 7-D13理30 190 
18 18 90 x 90 20 x 20 50 x 50 25 (20) 7-D13@30 7-D13@30 175 
19 19 90 x 90 20 x 20 50 x 50 25 (20) 10-D13@80 10-D13@80 213 
20 20 90 x 90 20 x 20 50 x 50 25 (20) 10-Dl3@80 1O-Dl3@80 199 
21 SD25-1 90 x 90 24 x 24 54 x 54 25 (20) 8-D13@105 8-D13理105 244 
22 2 90 x 90 24 x 24 54 x 54 25 (20) 8-D13@105 8-D13@105 269 
23 SD30司1 90 x 90 24 x 24 54 x 54 30 (25) 10-D13@80 10・D13@80 221 
24 2 90 x 90 24 x 24 54 x 54 30 (25) 10-D13@80 10-D13@80 234 
25 SD35-1 90 x 90 24 x 24 54 x 54 35 (30) 12-Dl3@65 12-Dl3@65 224 
26 2 90 x 90 24 x 24 54 x 54 35 (30) 12-D13@65 12-D13@65 246 
27 S即20・3 8"O x 80 30 x 30 50 x 50 20 (15) 8-D13@90 8-D13@90 246 
28 4 80 x 80 30 x 30 50 x 50 20 (15) 8-D13@90 8-D13@90 228 
29 5 90 x 90 30 x 30 50 x 50 20 (15) 9-D13@90 9-D13@90 243 
30 6 90 x 90 30 x 30 50 x 50 20 (15) 9-D13@90 9-D13昭90 239 
31 SrM25・1 70 x 70 30 x 30 50 x 50 25 (20) 7-D13昭90 7-Dl3@90 263 
32 2 70 x 70 30 x 30 50 x 50 25 (20) 7-D13@90 7ωD13@90 248 
33 3 80 x 80 30 x 30 50 x 50 25 (20) 8・D13@90 8-D13@90 227 
34 4 80 x 80 30 x 30 50 x 50 25 (20) 8-D13号90 8-D13@90 269 
35 5 90 x 90 30 x 30 50 x 50 25 (20) 9-D13@90 9-D13@90 225 
36 6 90 x 90 30 x 30 50 x 50 25 (20) 9-D13@90 9-D13@90 226 
37 g刻'30-3 80 x 80 30 x 30 50 x 50 30 (25) 8-D13@90 8-D13@90 234 
38 4 80 x 80 30 x 30 50 x 50 30 (25) 8-D13@90 8・D13@90 246 
39 5 90 x 90 30 x 30 50 x 50 30 (25) 9-D13@90 9-D13@90 225 
40 6 90 x 90 30 x 30 50 x 50 30 (25) 9-D13@90 9-D13@90 228 
41 S即 525-1 70 x 70 30 x 30 42 x 42 25 (20) 7-D13@90 7-D13理90 248 
42 2 70 x 70 30 x 30 42 x 42 25 (20) 7-Dl3@90 7-D13@90 262 
43 3 80 x 80 30 x 30 42 x 42 25 (20) 8-D13@90 8-D13@90 260 
44 4 80 x 80 30 x 30 42 x 42 25 (20) 8-D13@90 8-D13@90 270 
45 DRC1-1 90 x 90 24 x 24 50 x 50 30 (25) 11-Dl3理75 11-D13@75 256 
46 2 90 x 90 24 x 24 50 x 50 30 (25) 11-D13@75 11-D13@75 275 
47 DRC1.5偏 l 90 x 90 19.6x 29.4 50 x 50 30 (25) 11-D13@75 11四D13@75 269 
48 2 90 x 90 19.6x 2ヲ.4 50 x 50 30 (25) 11・D13@75 11-D13@75 274 
49 DRC2-1 90 x 90 17 x 34 50 x 50 30 (25) 11-D13@75 11-D13@75 263 
50 2 90 x 90 17 x 34 50 x 50 30 (25) 11-D13@75 11-D13@75 258 
51 3 90 x 90 16 x 32 50 x 50 30 (25) 1l-D13@75 11-D13理75 255 
52 4 90 x 90 16 x 32 50 x 50 30 (25) 11-D13@75 11-D13@75 260 
53 DRF1.25-1 102.5x 90 30 x 24 62.5x 50 30 (25) 11-D13@75 13-D13@75 253 
54 2 I 102，5x 90 30 x 24 62.5x 50 30 (25) 11-D13@75 13幽D13@75 251 
55 D町1.5-1 115 x 90 36 x 24 75 x 50 30 (25) 11-D13@75 14・D13@75 272 




話験体 板辺長 位辺長 杭間隔 板厚 ~a 筋
番号 lx X ly Cx X Cy Lx X Ly (有効以)
記 号 ( cm ) (cm) (cm) (cm) x方向 y万向 (kg/cd) 
57 SDC20-1 90 x 90 24 x 24 45 x 26 20 (15) 8-D13@105 8-D13@105 271 
58 2 90 x 90 24 x 24 45 x 26 20 (15) 8四D13昭105 8司D13@105 271 
59 3 90 x 90 16 x 16 45 x 26 20 (15) 8-D13@105 8-D13@105 258 
60 4 90 x 90 16 x 16 45 x 26 20 (15) 8-D13@105 8-D13@105 258 
61 SDC30・1 90 x 90 24 x 24 45 x 26 30 (25) 13-D13@60 13-D13@60 269 
62 2 90 x 90 24 x 24 45 x 26 30 (25) 13-D13@60 13-D13@60 268 
63 DR肌-1 120 x 80 30 x 30 45 x 45 25 (20) 12-D13@60 18-D13@60 275 
64 2 120 x 80 30 x 30 45 x 45 25 (20) 12-D13@60 18-D13@60 275 
65 2-1 120 x 80 30 x 30 55 x 45 25 (20) 12“D13@60 18-D13@60 265 
66 2 120 x 80 30 x 30 55 x 45 25 (20) 12喧D13@60 18-Dl3@60 270 
67 3-1 120 x 80 30 x 30 65 x 45 25 (20) 12-D13@60 18-Dl3@60 278 
68 2 120 x 80 30 x 30 65 x 45 25 (20) 12-D13@60 18-D13@60 272 
69 4-1 120 x 80 30 x 30 55 x 55 25 (20) 12-Dl3@60 18-D13@60 273 
70 2 120 x 80 30 x 30 55 x 55 25 (20) 12曲D13@60 18-D13@60 269 
71 5-1 120 K 80 30 x 30 55 x 35 25 (20) 12・D13@60 18-D13@60 264 
72 2 120 x 80 30 x 30 55 x 35 25 (20) 12-D13@60 司18-Dl3@60 267 
73 6由1 120 x 80 30 x 40 55 x 55 25 (20) 12-Dl3@60 18司Dl3@60 269 
74 2 120 x 80 30 x 40 55 x 55 25 (20) 12-D13@60 18-Dl3@60 266 
75 7-1 120 x 80 40 x 30 55 x 55 25 (20) 12-Dl3@60 18-D13@60 263 
76 2 120 x 80 40 x 30 55 x 55 25 (20) 12司D13理60 18畑D13昭60 269 
7 DEL12.5-1 120 x 70 30 x 30 50 x 45 25 (20) 10-D13@65 17-Dl3@65 224 
78 2 1120 x 70 30 x 30 50 x 55 25 (20) 10-D13@65 17-Dl3@65 222 
79 D乱 16-1 120 x 77 30 x 30 50 x 45 25 (20) ll-D13@65 17-D13@65 222 
80 2 120 x 77 30 x 30 50 x 45 25 (20) ll-Dl3@65 17・D13@65 212 
81 DEL19.5-1 120 x 84 30 x 30 50 x 45 25 (20) 12“D13@65 17司D13@65 222 
82 2 1120 x 84 30 x 30 50 x 45 25 (20) 12‘D13@65 17-D13@65 227 
83 DEL23-1 120 x 91 30 x 30 50 x 45 25 (20) 13国D13@65 17-D13@65 226 
84 2 120 x 91 30 x 30 50 x 45 25 (20) 13-D13@65 17-D13@65 212 
85 DPL31-1 120 x 70 30 x 30 50 x 31 25 (20) 10-D13@65 17・D13日65 221 
86 2 120 x 70 30 x 30 50 x 31 25 (20) 10-D13@65 17-D13@65 225 
87 D孔38・1 120 x 77 30 x 30 50 x 38 25 (20) ll-D13@65 17四D13@65 227 
88 2 120 x 77 30 x 30 50 x 38 25 (20) ll-Dl3@65 17-D13@65 226 
89 DPL52-1 120 x 91 30 x 30 50 x 52 25 (20) 13-Dl3@65 l7-D13@65 218 
90 2 120 x 91 30 x 30 50 x 52 25 (20) 13-Dl3@65 l7-Dl3@65 233 
91 DPLs31-1 120 x 63 30 x 30 50 x 31 25 (20) 9-D13@65 l7-D13@65 224 
92 2 120 x 63 30 x 30 50 x 31 25 (20) 9司D13@65 17姐Dl3@65 233 
93 DPLs38開 l 120 x 70 30 x 30 50 x 38 25 (20) 10・D13@65 17“D13@65 228 
94 2 120 x 70 30 x 30 50 x 38 25 (20) 10-D13@65 l7-D13@65 220 
95 DPLs52-1 120 x 84 30 x 30 50 x 52 25 (20) 12-D13@65 l7-D13@65 220 
96 2 120 x 84 30 x 30 50 x 52 25 (20) 12-D13@65 17-D13@65 220 
97 D礼 s59-1 120 x 91 30 x 30 50 x 59 25 (20) 13-D13@65 l7-D13@65 227 




















実 験 番号 砂 砂利 調合強度 Si! W/C オく セメント 硲》 砂利
シリー ズ ("，m) (fm) (mm) ( fm) (kg/cr/t) (明) (%) kg/抗~) (kg/耐)(kg/耐) (kg/抗，3)
T 1-2 三5 3.20 話20 6.20 240 18 62 174* 280 899 964 
E 3-8 亘5 3.00 正25 6.90 300 18 58 161 278 970 1034 
E 9 -20 三5 3.26 正20 6.75 240 18 67 153 229 982 1055 
N 21-44 正5 2.99 壬25 6.91 240 18 63 179 284 893 1030 
V 45 -56 ~5 2.80 正25 6.90 240 18 63 167 265 963 1014 
u 57 -76 孟5 2.80 三25 6.90 240 18 63 167 265 963 1014 
W 77 -98 三5 2.70 ~20 6.77 240 18 63 168 267 970 1014 







はずし(シリーズ Iでは材令 6日，その他では材令3日)に要した短時間を除き，シリーズ Iで



























番号 鉄筋 断面積(公称)降伏点応力度 引張強さ 破断伸び
(C1A ) (kg/C1A) (勾/C1A) (%) 
1~2 D13 1. 267 3660 5260 27.8 
3~8 D10 0.713 3890 5440 27.8 
9 ~20 D13 1. 267 4000 5800 27.5 
21-44 D13 1.267 3980 5750 24.8 
45 -56 D13 1. 267 4000 5790 23.8 
57-76 D13 1. 267 3770 5420 26.0 













































































表中、 Pはパンチング破壊、 Dは一方向せん断破壊、 Sは隅角せん断破壊を表わし、 D・Pは隅
角せん断破壊とパンチング破壊が同時に起きたと見られるものである
3.2 既往のせん断終局耐力式との比較
表-4 (1) - (3)にせん断耐力設計式およびせん断終局耐力に関する諸家の式によって求
めた値Pcalを最大荷重実験値 P"と共に示した。表中( )内は計算値 Pcalに対する最大荷重実験































?? ? ? ?
藤田
( t 0n) 
番 破壊 最大荷重 R C規準 '82方茸 C 1 Code Hognestad 
Elstner-
官hitney Moe 角田・井議・
号 形J3:i実験値 一方向 パンチング ~c: 方向 パンチシグ
Hognestad 
*ヲー Pu Pcal (旦~) Ral(JPEeaLl ) (旦~) Pcal (~) 
h 
Pcal (3L) Pcal (~) Pcal (ーPιn) Pcal (主Pcal (一一)
Pcal Pcal Pcal Pcal Pcal Pcal 九al Pca 
1 P 31.5 39.7 (0.88) 36.3*(0.97) 30.8 (1.14) 20.2安(1.74) 34.3*(1.02) 32.6*(1.08) 53.3*(0.66) 35.1*(1.00) 36.1*(0.97) 
2 P 34.0 41.6 (0.82) 38.0*(0.89) 31.2 (1.09) 20.7*(1.64) 35.2大(0.97) 33.2*(1.02) 53.7*(0.63) 35.8*(0.95) 37.0女(0.92)
3 P 42.8 56.3 (0.76) 54.4大(0.79) 58.1 (0.74) 26.9*(1.59) 37.1*(1.15) 33.9六(1.26) 46.3*(0.92) 39.0*(1.10) 34.5会(1.24) 
4 F 44.4 50.6 (0.88) 48.9*(0.91) 55.8 (0.80) 25.5*(1. 74) 35.1*(1.26) 32.7六(1.36) 45.9六(0.97) 37.4*(1.19) 33.5*(1.33) 
5 P 87.5 46.8 (1.87) 101.3*(0.86) 76.0 (1.15) 54.8*(1.60) 68.9*(1.27) 64.4*(1.36) 90.6会(0.97) 67.7*(1.29) 42.8*(2.04) 
6 P 1 100.0 51.5 (1.94) 111.3*(0.90) 79.7 (1.25) 57.5*(1. 74) 72.4*(1.38) 66.4*(1.51) 91.1*(1.10) 70.3*(1. 42) 43.9*(2.28) 
7 S 1132.0 72.5 (1.82) 278.2 (0.47) 98.4 (1.34) 139.9 (0.94) 112.7 (1.17) 98.0 (1.35) 142.2 (0.93) 94.4 (1.40) 49.7 (2.66) 
8 S 1146.0 72.5 (2.01) 278.2 (0.52) 98.4 (1.48) 139.9 (1.04) 112.7 (1.30) 98.0 (1.49) 142.2 (1.03) 94.4 (1.55) 49.7 (2.94) 
9 P 78.4 66.5 (1.18) 79.1*(0.99) 83.2 (0.94) 44.0*(1. 78) 63.9*(1.23) 60.6*(1. 29) 94.4*(0.83) 67.9*(1.15) 51.8女(1.51)
10 P 84.0 70.6 (1.19) 84.0*(1.00) 85.7 (0.98) 45.4*(1.85) 65.9*(1.27) 61.8安(1.36) 94.8*(0.89) 69.6*(1. 21) 52.6*(1.60) 
11 P 83.0 61.1 (1.36) 72.7*(1.14) 79.8 (1.04) 42.2*(1.97) 61. 2* (1. 36) 58.9*(1.41) 93.9六(0.88) 65.6*(1.27) 50.7*(1.64) 
12 F 83.5 59.2 (1.41) 70S'(1.18) 78.5 (1.06) 41.6*(2.01) 60.2大(1.39) 58.3*(1.43) 93.7*(0.89) 64.7*(1.29) 50.3*(1.66) 
13 P 82.0 65.5 (1.25) 78.0*(1.05) 82.6 (0.99) 43.7*(1.88) 63.5会(1.29) 60.3*(1.36) 94.3*(0.87) 67.5*(1.21) 51.6*(1.59) 
14 P 84.0 67.4 (1.25) 80.2*(1.05) 83.8 (1.00) 44.3女(1.90) 64.4*(1.30) 60.9*(1.38) 94.5*(0.89) 68.3*(1.23) 52.0*(1. 62) 
15 P 80.0 59.2 (1.35) 70.5*(1.13) 78.5 (1.02) 41.6*(1. 92) 60.2*(1.33) 58.3*(1.37) 93.7*(0.85) 64.7*(1.24) 50.3*(1.59) 
16 P 82.0 63.6 (1.29) 75.7六(1.08) 81.4 (1. 01) 43.1大(1.90) 62.5*(1.31) 59.7*(1.37) 94.1*(0.87) 66.7*(1.23) 51.2*(1.60) 
17 P 80.0 59.9 (1.34) 71. 2*(1.12) 78.9 (1.01) 41.8会(1.91) 60.4*(1.32) 58.4*(1. 37) 93.1*(0.86) 64.9*(1.23) 50.2*(1.59) 
18 P 78.0 55.1 (1.42) 65.6*(1.19) 75.8 (1.03) 40.1*(1.95) 57.9*(1.35) 56.8*(1.37) 92.5*(0.84) 62.7*(1.24) 49.2*(1.59) 
19 F 84.0 67.1 (1.25) 79.9*(1. 05) 83.6 (1.00) 44.2女(1.90) 64.2*(1.31) 60.8*(1.38) 94.5*(0.89) 68.1会(1.23) 51.9*(1.62) 
20 P 84.0 62.7 (1.34) 74.6*(1.13) 80.8 (1.04) 42.8*(1. 96) 62.0*(1.35) 59.4*(1.41) 94.0女(0.89) 66.3*(1.27) 51.0*(1.65) 
21 P 90.5 76.9 (1.18) 101. 7*(0.89) 89.5 (1.01) 52.6*(1. 72) 71.2*(1.27) 67.4*(1.34) 89.4*(1.01) 76.7*(1.18) 51.4*(1. 76) 
22 P 94.0 84.7 (1.11) 112.2*(0.84) 93.9 (1.00) 55.3*(1. 70) 74.8会(1.26) 69.4*(1.35) 89.7*(1.05) 79.4*(1.18) 52.9*(1. 78) 
23 p 1 122.0 87.0 (1. 40) 126.6*(0.96) 106.4 (1.15) 68.8*(1. 77) 91.9*(1.33) 87.4六(1.40) 134.4*(0.91) 100.1*(1.22) 64.7*(1.89) 
24 P 1118.0 92.1 (1.28) 134.0*(0.88) 109.5 (1.08) 70.8*(1.67) 94.6安(1.25) 88.9大(1.33) 134.8*(0.88) 102.2*(1.15) 65.8*(1. 79) 
25 P 1 114.0 105.8 (1.08) 183.5大(0.62) 128.6 (0.89) 99.1*(1.15) 119.1合(0.96) 111.3安(1.02) 190.5大(0.60) 127.2*(0.90) 80.2会(1.42)
26 P 1140.5 116.2 (1.21) 201.6安(0.70) 134.8 (1.04) 103.9'女(1.35) 125.0*(1.12) 114.9女(1.22) 191.3*(0.73) 132.1*(1.06) 82.4*(1. 71) 
27 P 81.0 51. 7 (1.57) 85.8*(0.94) 71.9 (1.13) 44.3*(1.83) 71. 0* (1.14) 6~ .7大(1. 23) 95.7*(0.85) 69.8女(1.16) 49.1*(1.65) 
28 5 86.0 47.9 (1.80) 79.6 (1.08) 69.2 (1.24) 42.6 (2.02) 68.3 (1.26) 64.1 (1.34) 95.2 (0.90) 67.7 (1.27) 48.2 (1. 78) 
29 S 96.0 57.4 (1.67) 84.8 (1.13) 80.4 (1.19) 44.0 (2.18) 73.8 (1.30) 68.2 (1.41) 95.6 (1.00) 71.8 (1.34) 48.9 (1.96) 
30 S 1100.0 56.5 (1. 77) 83.4 (1.20) 79.7 (1.25) 43.6 (2.29) 73.2' (1.37) 67.8 (1.47) 95.5 (1.05) 71.4 (1.40) 48.7 (2.05) 
31 s 84.0 64.4 (1.30) 162.6 (0.52) 86.7 (0.97) 81.1 (1.04) 93.9 (0.89) 85.8 (0.98) 129.1 (0.65) 95.6 (0.88) 60.0 (1.40) 
32 s 81.0 60.8 (1.33) 153.4 (0.53) 84.2 (0.96) 78.7 (1.03) 91.1 (0.89) 84.2 (0.96) 128.8 (0.63) 93.6 (0.87) 59.0 (1.37) 
33 s 92.0 63.6 (1.45) 140.4 (0.66) 92.1 (1.00) 75.3 (1.22) 91.5 (1. 01) 85.9 (1.07) 128.2 (0.72) 94.6 (0.97) 57.6 (1.60) 
34 S 1 04.0 75.3 (1.38) 166.3 (0.63) 100.2 (1.04) 82.0 (1.27) 99.9 (1.04) 90.8 (1.15) 129.3 (0.80) 101. 0 (1. 03) 60.3 (1. 72) 
35 S 1115.0 70.9 (1.62) 139.1 (0.83) 103.1 (1.12) 75.0 (1.53) 95.3 (1.21) 89.2 (1.29) 128.1 (0.90) 97.4 (1.18) 57.4 (2.00) 
36 SI117.0 71.2 (1.64) 139.7 (0.84) 103.3 (1.13) 75.2 (1.56) 95.5 (1.23) 89.3 (1.31) 128.1 (0.91) 97.6 (1.20) 57.5 (2.03) 
37 S 1118.0 81.9 (1.44) 250.1 (0.47) 116.8 (1.01) 132.2 (0.89) 116.7 (1.01) 108.8 (1.08) 163.6 (0.72) 123.1{{0l .96) 67.6 (1. 75) 





? ? ? ? ? ? ? ?
E主
( t 0n) 
番
破形援王宮
最大荷重 R C規準 '82方気 A C 1 Code Hognestad Elstner- 百hitney Moe 角田・弁護・藤田




Pcal ー二F日一) Pcal (一F二n一) F凶(~) Pcal よと) Pcal (~) Pcal 工~) Pcal (~) (~) (工~)Pcal Pcal 
Pcal pcaJ Pcal Pcal Pcal Pcal Pcal Pcal Pcal 
39 P 1148.0 88.6 (1.67) 240.5*(0.62) 128.9 (1.15) 129.6*(1.14) 119.6*(1. 24) 111.9*(1.32) 163.3*(0.91) 125.2*(1.18) 66.8*(2.22) 
40 S 1147.0 89.8 (1.64) 243.7 (0.60) 129.7 (1.13) 130.5 (1.13) 120.4 (1.22) 112.4 (1.31) 163.4 (0.90) 125.9 (1.17) 67.1 (2.19) 
41 S 1141.0 67.5 (2.09) 298.3 (0.47) 100.2 (1.41) 153.1 (0.92) 110.9 (1.27) 98.9 (1.43) 158.1 (0.89) 106.3 (1.33) 59.0 (2.39) 
42 S 1142.0 71.3 (1. 99) 315.0 (0.45) 103.0 (1.38) 157.4 (0.90) 114.1 (1.24) 100.9 (1. 41) 158.5 (0.90) 108.7 (1. 31) 59.9 (2.37) 
43 S 1142.0 80.9 (1.76) 312.7 (0.45) 117.3 (1.21) 156.8・(0.91) 119.9 (1.18) 106.3 (1.34) 158.4 (0.90) 111.8 (1.27) 59.8 (2.37) 
44 S 1154.0 84.0 (1.83) 324.8 (0.47) 119.5 (1.29) 159.8 (0.96) 122.3 (1.26) 107.8 (1.43) 158.7 (0.97) 113.6 (1.36) 60.4 (2.55) 
45 F 130.5 100.8 (1.29) 146.3*(0.89) 122.7 (1.06) 83.1*(1. 57) 108.7*(1.20) 98.9*(1.32) 153.5*(0.85) 111.8*(1.17) 70.5*(1.85) 
46 P 131.5 108.2 (1.22) 176.5*(0.75) 127.2 (1.03) 86.0*(1.53) 112.8会(1.17) 101. 4* (1. 30) 154.0*(0.85) 115.1*(1.14) 71.9*(1.83) 
47 F 130.0 106.0 (1.23) 174.9*(0.74) 117.5 (1.11) 86.2*(1.51) 106.2*(1.22) 97.7*(1.33) 146.3*(0.89) 112.3女(1.16) 71. 9*(1.81) 
48 F 138.0 107.8 (1.28) 178.2女(0.77) 118.5 (1.16) 87.0*(1. 59) 107.3*(1.29) 98.3*(1.40) 146.4*(0.94) 113.1*(1.22) 72.3*(1.91) 
49 F 131.0 103.5 (1. 27) 175.2*(0.75) 116.1 (1.13) 87.2*(1.50) 104.4女(1.25) 97.0*(1.35) 144.5*(0.91) 112.0女(1.17) 72.3*(1.81) 
50 D 133.5 101. 7女(1.31) 171. 9 (0.78) 115.0*(1.16) 86.4 (1.55) 103.3 (1.29) 96.4 (1.38) 144.4 (0.92) 111.2 (1.20) 71. 9 (1.86) 
51 D 128.0 100.4*(1.27) 153.9 (0.83) 114.2*(1.12) 77.9 (1.64) 97.8 (1.31) 91.3 (1. 40) 138.5 (0.92) 105.5 (1.21) 70.4 (1.82) 
52 D 126.0 102.4*(1.23) 156.9 (0.80) 115.4安(1.09) 78.7 (1.60) 98.7 (1.28) 91. 9 (1. 37) 138.6 (0.91) 106.3 (1.19) 70.8 (1.78) 
53 D 116.0 99.6*(1.16) 154.8 (0.75) 113.9*(1.02) 78.7 (1.47) 106.6 (1. 09) 100.1 (1.16) 149.4 (0.78) 115.0 (1.01) 72.8 (1.59) 
54 D 124.0 98.9*(1.25) 153.7 (0.81) 113.5*(1.09) 78.4 (1.58) 106.1 (1.17) 99.9 (1.24) 149.4 (0.83) 114.6 (1.08) 72.6 (1.71) 
55 D 122.0 107.2*(1.14) 177.2 (0.69) 118.1会(1.03) 86.9 (1.40) 110.6 (1.10) 104.4 (1.17) 148.1 (0.82) 119.1 (1.02) 76.9 (1.59) 
56 D. 110.0 102.5*(1.07) 169.4 (0.65) 115.4*(0.95) 84.9 (1.30) 108.1 (1.02) 103.0 (1. 07) 147.8 (0.74) 117.3 (0.94) 75.9 (1.45) 
57 P 78.0 64.0 (1.22) 76.4六(1.02) 82.8 (0.94) 37.5*(2.08) 62.8*(1.24) 57.0*(1.37) 71. 9*(1.08) 62.4*(1.25) 42.0*(1.86) 
58 F 80.0 64.0 (1.25) 76.4大(1.05) 82.8 (0.97) 37.5*(2.13) 62.8*(1.27) 57.0*(1.40) 71. 9*(1.11) 62.4*(1.28) 42.0*(1.90) 
59 P 55.0 61.0 (0.90) 56.4*(0.98) 67.4 (0.82) 28.4*(1.94) 42.0*(1.31) 38.6*(1.42) 50.5*(1. 09) 43.7*(1.26) 35.9*(1.53) 
60 P 59.0 61.0 (0.97) 56.4*(1.05) 67.4 (0.88) 28.4*(2.08) 42.0*(1.40) 38.6*(1.53) 50.5*(1.17) 43.7*(1.35) 35.9*(1.64) 
61 P 160.0 105.9 (1. 51) 230.3*(0.69) 137.4 (1.16) 113.5*(1.41) 126.6*(1.26) 111.9*(1.43) 180.6*(0.89) 120.9*(1.32) 75.0女(2.13)
62 F 166.5 105.5 (1.58) 229.5*(0.73) 137.2 (1.21) 113.3*(1.47) 126.3*(1.32) 111. 8*(1. 49) 180.6*(0.92) 120.7*(1.38) 74.9*(2.22) 
63 P 176.0 77.1 (2.28) 244.2*(0.72) 112.6 (1.56) 119.0*(1.48) 129.0*(1.36) 115.1安(1.53) 190.1*(0.93) 117.8*(1:49) 71. 7*(2.45) 
64 P 169.5 77.0 (2.20) 224.2*(0.76) 112.6 (1.51) 119.0*(1. 42) 129.0会(1.31) 115.1*(1.47) 190.1女(0.89) 117.8*(1.44) 71.7女(2.36)
65 D 142.0 74.2*(1.91) 158.0 (0.90) 90.4*(1.57) 78.4 (1.81) 103.2 (1.38) 95.2 (1.49) 153.2 (0.93) 104.7 (1.36) 71.1 (2.00) 
66 D 132.0 75.7女(1.74) 160.9 (0.82) 91.3女(1.45) 79.2 (1.67) 104.2 (1.27) 95.8 (1.38) 153.4 (0.86) 105.5 (1.25) 71.4 (1.85) 
67 D 104.0 77.8*(1.34) 133.4 (0.78) 85.9*(1.21) 64.7 (1.61) 93.3 (1.11) 87.0 (1.20) 134.3 (0.77) 97.2 (1.07) 71.9 (1.45) 
68 D 114.0 76.2*(1.50) 130.5 (0.87) 84.0*(1.36) 64.0 (1. 78) 92.3 (1.24) 86.4 (1.32) 134.1 (0.85) 96.4 (1.18) 71.5 (1.59) 
69 D 124.0 76.5*(1.62) 131.0 (0.95) 91.8*(1.35) 64.1 (1.93) 104.9 (1.18) 96.2 (1.29) 153.5 (0.81) 106.0 (1.17) 71.6 (1.73) 
70 D 118.0 75.2*(1.57) 129.1 (0.91) 91.0*(1.30) 63.6 (1.86) 104.1 (1.13) 95.7 (1.23) 153.4 (0.77) 105.3 (1.12) 71.3 (1.65) 
71 D 146.0 73.9*(1. 98) 185.5 (0.79) 90.2*(1.62) 92.3 (1.58) 103.0 (1. 42) 95.0 (1.54) 153.2 (0.95) 104.6 (1.40) 71.0 (2.06) 
72 D 153.0 74.8*(2.05) 187.6 (0.82) 90.8*(1.69) 92.8 (1.65) 103.7 (1.48) 95.4 (1.60) 153.3 (1.00) 105.0 (1.46) 71.2 (2.15) 
73 D 132.0 75.3女(1.75) 177.9 (0.74) 91.1*(1.45) 87.7 (1.51) 114.5 (1.15) 106.2 (1. ~4) 168.7 (0.78) 115.6 (1.14) 7i.0 (1.74) 
74 D 142.0 74.5*(1.91) 175.9 (0.81) 90.6*(1.57) 87.2 (1.63) 113.8 (1.25) 105.8 (1.34) 168.6 (0.84) 115.1 (1.23) 75.8 (1.87) 
75 D 146.0 73.6安(1.98) 173.9 (0.84) 110.1女(1.33) 86.7(1.68}138.0(1.06)124.9{f11.1751 ) 168.5({00.876〕) 128.5({11.142)  75.6{[11.931) } 










( t on) 
番 破壊 R C規準 '82方志 A C 1 Code Hognestad Elstner Whitney Moe 角田・井議・顔ヨヨ持乙へ4日
Hognestad 
号 形 3主実験値 一方 Pu向 パン(チPuング 一方 Pu向) パンチPンuグ
(工止) (~) (旦~) (~) (主ー)Pcal 一一) Pcal (~) Pcal Pcal 一一) Pcal Pcal Pcal Pcal Pcal *女 pu Pcal Pcal Pcal Pcal Pcal Pcal Pcal Pcal Pcal 
77 D 126.0 55.0*(2.29) 161.3 (0.78) 80.1会(1.57) 87.2 (1.44) 96.3 (1.31) 91.2 (1.38) 160.5 (0.79) 99.0 (1. 27) 66.8 (1.89) 
78 D 126.0 54.3*(2.32) 159.8 (0.79) 79.6*(1.58) 86.6 (1.45) 95.8 (1.32) 91.0 (1.38) 160.4 (0.79) 98.6 (1.28) 66.6 (1.89) 
79 D 136.5 59.9*(2.28) 159.8 (0.85) 87.7*(1.56) 86.8 (1.57) 99~5 (1.37) 93.8 (1.46) 160.4 (0.85) 100.7 (1.36) 66.6 (2.05) 
80 D 128.0 57.2*(2.24) 152.6 (0.84) 85.6'た(1.50) 84.8 (1.51) 97.1 (1.32) 92.3 (1.39) 159.8 (0.80) 98.7 (1.30) 65.9 (1. 94) 
81 D.P 142.0 65.2*(2.18) 159.8*(0.89) 95.5六(1.49) 86.7女(1.64) 103.0女(1.38) 96.5*(1.47) 160.4*(0.89) 102.4*(1. 39) 66.6*(2.13) 
82 D'P 144.0 66.8*(2.16) 163.4*(0.88) 96.7六(1.49) 87.7安(1.64) 104.2*(1.38) 97.2六(1.48) 160.7*(0.90) 103.4*(1.39) 67.0女(2.15)
83 D'P 153.0 72.0安(2.13) 162.7*(0.94) 104.5大(1.46) 87.5*(1. 75) 107.3*(1. 43) 99.7*(1. 53) 160.7*(0.95) 104.7*(1.46) 66.9*(2.29) 
84 P 154.0 67.5 (2.28) 152.6*(1. 01) 101.3 (1.52) 84.8* (1. 82) 103.7*(1.49) 97.4*(1.58) 159.8*(0.96) 101.8女(1.51) 65.9女(2.34)
85 D 150.0 54.2*(2.77) 211.8 (0.71) 79.5*(1.89) 115.2 (1.30) 95.7 (1.57) 90.8 (1.65) 160.4 (0.94) 98.5 (1.52) 66.6 (2.25) 
86 D 152.0 55.1女(2.76) 217.5 (0.70) 80.2大(1.90) 116.2 (1.31) 96.6 (1.57) 91.4 (1.66) 160.6 (0.95) 99.2 (1.53) 66.8 (2.28) 
87 D 147.0 61.2*(2.40) 197.6 (0.74) 88.6*(1.66) 106.0 (1.39) 100.7 (1.46) 94.5 (1.56) 160.7 (0.91) 101.6 (1.45) 67.0 (2.19) 
88 D 150.0 60.9女(2.46) 196.7 (0.76) 88.4*(1. 70) 105.7 (1.42) 100.4 (1.49) 94.3 (1.59) 160.7 (0.93) 101.4 (1.48) 66.9 (2.24) 
89 P 134.0 69.5 (1.93) 126.9*(1.06) 102.6 (1.31) 69.5*(1. 93) 105.3*(1.27) 98.4*(1.36) 154.0女(0.87) 103.1六(1.30) 66.4*(2.02) 
90 P 130.0 74.2 (1.75) 135.6大(0.96) 106.1 (1.23) 71. 8* (1. 81) 109.0*(1.19) 100.8* (1. 29) 154.9*(0.84) 106.1会(1.23) 67.4会(1.93) 
91 D 146.0 49.4*(2.96) 214.7 (0.68) 72.0*(2.03) 116.0 (1.26) 92.5 (1.58) 88.3 (1.65) 160.5 (0.91) 96.6 (1.51) 66.8 (2.19) 
92 D 142.0 51.4*(2.76) 223.3 (0.64) 73.5六(1.93) 118.3 (1.20) . 94.5 (1.50) 89.5 (1.59) 161.0 (0.88) 98.2 (1.45) 67.4 (2.11) 
93 D 144.0 55.8犬(2.58) 198.5 (0.73) 80.7*(1. 78) 106.2 (1.36) 97.2 (1.48) 91.8 (1.57) 160.8 (0.90) 99.7 (1.44) 67.1 (2.15) 
94 D 144.0 53.9*(2.67) 191.5 (0.75) 79.3大(1.82) 104.3 (1.38) 95.4 (1.51) 90.7 (1.59) 160.3 (0.90) 98.3 (1.46) 66.5 (2.17) 
95 P 132.0 64.8 (2.04) 128.1*(1.03) 95.2 (1.39) 69.9会(1.89) 102.5大(1.29) 96.1*(1.37) 154.1*(0.86) 102.0*(1. 29) 66.5犬(1.98) 
96 F 134.0 64.8 (2.07) 128.1*(1.05) 95.2 (1.41) 69.9*(1. 92) 102.5*(1.31) 96.1*(1. 39) 154.1女(0.87) 102.0*(1.32) 66.5*(2.02) 
97 P 112.0 72.3 (1.55) 108.9*(1.03) 104.7 (1. 07) 58.4*(1. 92) 107.5犬(1.04) 99.9*(1.12) 138.2女(0.81) 104.9女(1.07) 67.0大(1.67)
98 P 112.5 6ヲ.9(1.61) 105.1*(1.07) 102.9 (1.09) 57.4大(1.96) 105.5*(1.07) 98.6女(1.14) 137.8*(0.82) 103.3*(1.09) 66.4*(1.69) 
上むの平均 *1.96 *0.93 ず'1.46 決1.74 *1.26 *1.35 *0.90 安1.23 公1.79 
(1)標準偏差 0.537 0.148 0.279 0.226 0.112 0.121 0.108 0.127 0.326 
変動準(%) 27.4 15.9 19.1 13.0 8.9 9.0 12.0 10.3 18.2 
出の平均 1.48 0.74 1.12 1.43 1.25 1.35 0.86 1.24 1.96 
(2)標準偏差 0.361 0.170 0.174 0.331 0.172 0.177 0.089 0.180 0.324 
変動率(%) 24.4 23.0 15.5 23.1 13.8 13.1 10.3 14.5 16.5 
tむの平均 1.65 1.66 1.26 1.35 0.88 1.24 1.88 
(3)標準偏差 0.482 0.271 0.145 0.152 0.100 0.156 0.336 




大:実験の破壊形式と計算気のそれとが一致するもの. 破壊形式会* p パンチング破壊 S : I鴇角破袋 D 一方向破壊.
D' P DとP が競合(1)実験の破媛形責と計算主主のそれとが一致するものの上むの平均等 (2) (J)以外のものの計算値と実験値














































































PCa1= 'p ， bp・J
方向
PCa1= 2 ('p'bp+ 'j・b;lj(i=xまたは、)
隅角
P cal = 4 ( ， p • bp十人・b、十 τv・b，)j 
ここに Tp， rx， rFは順に境界面，側梁
B"側梁 Byのせん断強度，せん断強度は
梁に関する大野・荒川式によって求める。
同式中の M/Qの値は τp' τ')に対し






















に表-5に示す。表中安印は計一算式の破壊形式と実験のそれとが一致するものを示す O 表 5 
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最大荷重 一方向 パンチング 隅 角
番号 実験値
Pcal (工~) Pcal (よ~) (」L)Pcal Pu Pcal Pcal Pcal 
57 78 85.0 (0.92) 78.1*(1. 00) 94.9 (0.82) 
58 80 85.0 (0.94) 78.1*(1.02) 94.9 (0.84) 
59 55 67.7 (0.81) 50.8*(1.08) 87.3 (0.63) 
60 59 67.7 (0.87) 50.8*(1.16) 87.3 (0.68) 
61 160 185.8 (0.86) 165.2*(0.97) 209.8 (0.76) 
62 166.5 185.4 (0.90) 164.9*(1. 01) 209.3 (0.80) 
63 176 171. 7 (1.02) 183.7*(0.96) 209.8 (0.84) 
64 169.5 171. 7 (0.99) 183.6*(0.92) 209.8 (0.81) 
65 142 127.9*(1.11) 147.0 (0.97) 173.9 (0.82) 
66 132 129.3女(1.02) 148.8 (0.89) 175.9 (0.75) 
67 104 105.0*(0.99) 129.6 (0.80) 156.4 (0.67) 
68 114 103.6*(1.10) 127.9 (0.89) 154.3 (0.74) 
69 124 117.3*(1.06) 130.1 (0.95) 145.9 (0.85) 
70 118 116.2*(1.02) 129.5 (0.91) 144.6 (0.82) 
71 146 142.8*(1.02) 170.5 (0.86) 216.4 (0.67) 
72 153 143.8*(1.06) 171. 7 (0.89) 217.8 (0.70) 
73 132 121.9女(1.08) 160.1 (0.82) 156.6 (0.84) 
74 142 121.1会(1.17) 159.0 (0.89) 155.6 (0.91) 
75 146 155.5*(0.94) 157.9 (0.92) 154.5 (0.94) 
76 145 157.6*(0.92) 160.1 (0.91) 156.6 (0.93) 
77 126 121.6*(1.04) 145.0 (0.87) 159.7 (0.79) 
78 126 120.8*(1.04) 144.0 (0.87) 158.7 (0.79) 
79 136.5 127.5*(1.07) 144.3 (0.95) 165.4 (0.83) 
80 128 124.2*(1.03) 140.6 (0.91) 161.2 (0.79) 
81 142 133.7*(1.06) 144.1*(0.99) 171.6 (0.83) 
82 144 135.5女(1.06) 146.0安(0.99) 173.9 (0.85) 
83 153 141.5*(1.08) 145.5*(1.05) 179.7 (0.85) 
84 154 136.9 (1.13) 140.7*(1.09) 173.9 (0.89) 
85 150 151.1*(0.99) 191.1 (0.78) 225.9 (0.66) 
86 152 152.6*(1.00) 193.0 (0.79) 228.1 (0.67) 
87 147 142.8*(1.03) 166.9 (0.88) 196.6 (0.75) 
88 150 142.4*(1.05) 166.4 (0.90) 196.0 (0.77) 
89 134 127.8 (1.05) 127.0*(1.06) 154.3 (0.87) 
90 130 132.6 (0.98) 131. 7*(0.99) 160.1 (0.81) 
91 146 145.8女(1.00) 192.6 (0.76) 221.1 (0.66) 
92 142 149.0女(0.95) 196.8 (0.72) 226.1 (0.63) 
93 144 136.5*(1.05) 167.2 (0.86) 190.4 (0.76) 
94 144 133.9*(1.08) 164.0 (0.88) 186.7 (0.77) 
95 132 122.1 (1. 08) 127.7*(1. 03) 148.7 (0.89) 
96 134 122.1 (1.10) 127.7*(1.05) 148.8 (0.90) 
97 112 121.1 (0.92) 117.2*(0.96) 139.6 (0.80) 
98 112.5 118.9 (0.95) 115.1*(0.98) 137.1 (0.82) 
(誠験体数)陥の平均 (34) *1.02 (49) *1.01 (18) *0.96 
(1) 標準偏差 0.065 0.069 0.116 
愛動率制 6.4 6.8 12.1 
(試験体数)胞の平均 (42) 1.03 (38) 1.02 (18) 0.96 
(2) 標準偏差 0.068 0.071 0.106 
変動率的 6.6 6.9 11.1 
(誌験体数)出の平均 (98) 1.01 
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A Study on Elastic Wavどsin a Plate Subjected to Impact Loads on Its Free Edge 
Masashi DAIMARUY A， Masachika NAITOH， Kouhei HA:VIADA， 
and Yasuo NARA 
Abstract 
Elastic waves in a plate subjccted to impact loads on itぉfrεeedge， especially the Rayleigh surface waves， 
are investegated expcrimcntally and theoretically. Time histories of elastic strain waves in a steel plate， gener 
ated by impacts with stce1 balls and uniform steel bars， are mcasured on the surface and free edge of the plate 
Th巳experimentalobservation showed that no dispersion of surface waves propagating along the edge of the 
plate occured while body waves along thc surlace were rapidlγ 且ttenuatedwith the distance 01 propagation 
Theoretical calculations are carriec1 out for the casc of an impulsive. distributed loac1 applicc1 on the free edge 
of a plate. The theoretical prediction also showed that dominant waves propagating along the free edge of a 








れており 61 動的な破壊力学の分野においても Rayleighの表面波に関する研究が進められてい






























Czで放射状に伝播してゆく O なお平板の場合Ci= 
布市百ヲ子 C2==凶市であり， 0 <ν<1/2のと
きCL>C2で、ある。ここでEは縦弾性係数， Gは






形領域の波は先頭波 (headwave)あるいは vonSchmidt波と呼ばれる O 縦波の波I面が自由表面Iと
交わり，その交点が新しい乱れの原因となって努断波が発達することによる。最後に， :'F板縁近
傍を伝播速度 CRでRayleighの表面波が伝播する。 CRは次式で与えられる CR< Czなる実根であ
る。
(CR/Cz)日-8 (CR/CZ)4十 (24-16K2) (CR/C2)2十16(K2-1) = 0 
44 
臼[Ij縁に衝撃荷重を受ける平板の弾'生波動
ここで K"= (1ーν)/20 
たとえば， νニ 0.29のとき，およそ CR=0.915 C2で、ある。なお，平板の材半判均↑生{直を E=2.1 
XlO“kg/cnf， G = E/ 2 (1 +ν) ，ν=0.29， ρ=8.02 X 1O-6kg. sec2/ cm1とすれは、，CLニ 5350m
























3.2 測定結果JOI 図ー 2 平板の寸法と測定位置
鋼球の衝突による波動の測定例を図 3. 4に示す。図 3は直径1/2インチ鋼球を約1.8m/sec
の速度で、衝突させたときの、v放各位置におけるひずみ波の時間的変動である o (a)はゲージ位置
①'ー ①F におけるひずみ e 、， (b)はゲージ依置①~⑤のひずみ Emの波形である O の，⑧はそれ
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u 空竺十2止 V 二 JZf-H.…….....・H ・-・・…....・H ・...・H ・"，……・… (2)
δx ay' δy aX 
式(1)は，ヂと併が次式の波動万程式を満足すれば満される。
(Wz- c~2'Ji2) ド O. ( W2 三2 :tCZ-)いこ O
また応力成分は次式で、'fえられる。
( rJ 1 ν ¥ /δ2ヂム ν ぃι'^ ， δ2い¥
σxx二 2Gりよ十了工-;-e)= 2G ¥-3'子十了三7WY十 a可子/
/ dVν\ 八~ (δ2ヂ。 ν 巾~2rn ， a2併¥
σ、、 =2G\åy 十 i 三~e)=~ (j \a子十一1二7W Y十一両訂/
/δu av ¥-(δ2ヂ a2併 δ2件¥
σ、= G ¥一云一十;::::-' ) =じ 1 一 十一寸 / み V a xノリ ¥θxayιδγ axL J 
(4) 
σ引 =σ、♂二 σ/バ二()
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台丸谷政志・内藤正都・浜田似:'V.奈良泰夫
川、~(1ニ川 (a x)!{)H(t()t)十 H(t い
ここで， H(t)はステソプ関妻女であ
る。平板縁上の応力 (σxJ 、 ~Oおよ






(ヂ)1=0=¥~干 )l~戸 o I 
〆、 (7)( a ψ¥i 
















応力 σxxとσ刊は xの偶関数， σX¥'はXの奇関数で，すべての応)Jは無限遠で Oになること
を考慮して，式(8)の解を次式のようにおく。
2GgJ=J“A ( S ) cosSxel1t【I?;， 2 G ¥b = {，B ( ?;)sin S xeYl1， dS (10) 
ここで， n:l=VI=t-(示Cιn2=V1干(p/己子であり， A (ど)， B (?;)は境界条件より決定され
るCの未定関数である。式(10)，141より，ラプラス像空間における応)J万X' 万¥'¥"' 7i xvま，







([AJS2十+(ξ)'1 + B snzJ叫 xdCz-pot工H同
A S n3+ B I s 2十+(よ)'1=0 
(12) 
式(12)の第一式をフーリエ余弦変換して，未定関数A，Bを求めれば，次式が得られる。
A2POI-e W1s + (1/2) (p/Cz) 21 sinSa n _ 2po 1-e-toP n3 sinsa 
一7r t()子子 S 4 F(s) D -~ to p2 S可了 (13) 
ここで， s 4F (n = 1 S 2+1/2 (P/C2)212-S 2nn3 
式(13)を式(1)に代入してラプラス変換を行なえば応力を求めることができる。しかし平板内部で
の逆変換積分は非常に困難であり，ここでは，平板縁上 (y= 0) の応力 (σxJy=Oに注目す
る。 p= C2 S Sとおけば
~ ~で 1 r 1_e-Kr(lrs 0 +S2/2) 0一νS2/2)-YO+S')(l+K'S') 
J(S)=ー でL-"'-←一一一 ~eKl"rSds 
Z πiJIl， K，oSS SIO+S2/2)2_y(] 
なお， ，= CLt， 'o=CLto， K =C2/CL = (1-ν) /2である。ラ
プラス逆変換 1(nの被積分間数は多価関数で， S =::1: i，土 i/ 
Kが分岐点となる O また， S = 0は'-'0<0ならば2位の極，
'-'0>0ならば1位の極である。さらに S=::1: i aも1位の
極となる。ここで aは次式を満足する正の実根である。
α6_ 8α4+ 8 (3 -2 K2) a2-16( 1 -K2) = 0 (16) 
ゆえに，図7の反転積分路にしたがって，ラプラス逆変換積分を行
えば，式同の現空間における解が次式のように得られる O






(σ ~O : I r ，1 _ _"" 1 _ _" "" (トα2/2)(1+ v d2/2) -y{jーピ)(]-K'a') 
ぶとこJL= -H(a-x) 1-:-H ( r 0- ) + H ( r -r 0)卜2x
仏) lro l m2iqh a2idヨ平 J 凶ヲ
-I“い 2 I 凶ヲ凶-K'a21
2 ∞ l xz示~r~下 Isin Krd~ -sin K~ a (r-ro)H( r -ro)1 sin~a costx dt 
16(] +ν) flh トヂ/2)V (~'-J) (トK'ヂ) ( 1 ∞ l 







+b一一一三一一， (Ia-bl <c<a+b) 
。
(18) 
min (a，b) ， (o<c< la-bl) 
より得られ， (σxx) y=oは干に関して l-l/Kの積分から求められる。
自由縁上 (x> a) においては (σyy)y=o=Oである条件を考慮すれば式(14)より x方向にひず
(a， b， c>O) 
みは
(1旬( E x) y君。=(σxx)y=o/E 
自由縁上のひずみ Exを式(1力-(19)より求めることができる。となり，




























C2= CL = 5350m /sec， ν=0.29， E =2.1 X 1Q4kg/mm2， とし，平板の材料を鋼 (SS41) 
α=0.9152の値を採用した。また a=2.5， 5.0mmとして自由縁上のσxx，εyyの時
間変動例を求めた。
図8(a)， (b)は自由縁上x= 6mmにおける応力σxxの時間的変動で， (a)は衝撃分布荷重巾 a=
3180m/sec， 
Az'， A;'はそれぞれ分布荷重の端xA~ ， A~ ， 2.5mm， (b)はa= 5mmの場合である。図中のAt，
a aで生ずる縦波，横波およびRayleighの表面波の到達する時間を表わしている。実線は
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Time t lJsec 
(c)む=100μsec 
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Time t IJsec 
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図 9(a)-(c)は自由縁上 x= 5 -45cmの位置におけるひずみ波 e の時間的変動を，
巾a= 5 mmの場合について示したものである。衝撃分布荷重の立上り時間 toの影響を調べたもの
図-9





















to 20 ~sec 
0.30 
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ひずみ(e xx ) x= 250， y=o変動に及ぼす衝撃分布荷重幅aの影響図-9
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An Experimental Study on a Small Propeller Type of Wind Turbine， 
4th Seport 
一一-Estimation on the turbine power characteristics in natural winds 
K. OKUDA and H. Y AMAG1SHI 
Abstract 
The allthors have reported the field test reslllts of a sma!! propeller type of wind turbine in natural winds 
since 1978. 1l is confirmed from the results that the wind turbine power has increased proportionally tr the 
third power of wind velocity， also as implied by the wind turbine theory， from the test results of data averaged 
in each 10 minute time range 
1n this paper， the test results are reported for 0.5 kW wind turbine made by Elektro-G. m. b. H. in Switzer 
land， for natllral winds in 1981 and '82. The observed data are consisted of two parts， one is the data of 
“short" periods for less than one hour， at sampling time intervals for less than one minute and the other the 
data of “long" periods for about one month， at sampling time intervals for one minute. The former are investi-
耳atedand analysed for the power-correspondence of the wind tllrbine to the wind fluctuations in short 



















I 6 plotting recorder (b) 
7 measuring device 































Cl，v 平均出力係数，式 (3)‘ (4) (ー)























e エネルギ変換効率， 式 (6) (一)
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小形I~，\IÎ! に関する尖験的M究 第4報 白然風における小形ノ~、Iえ軸風車の山力計(出iについて
















らもサンプリング同期は l秒以下にする必要はないであろう。そこでサンプリング周期を 1，5， 













time interval for 
sampling (s) 1 5 
5 60 I 
observed time (s) 750 420 61200 61200 
number of data 750 84 12240 1020 
mean wind velocity (号) 4.6 5.9 5.9 5.9 
mean power output of 
turbin~ (w) 98.4 42.8 110.8 112.9 
correlation coeff. for 0.885 0.886 0.820 0.854 
output v. wind vel. 
'--
表-2 出力 風速相関係数の平均風速への依存性
time interval for 60 
sampling (s) 
observed time (h) 720 24 24 17 
number of data 42920 1440 1440 1020 
mean wind velocity (号) 1.9 2.1 2.4 5.9 
mean power output of 
turbine (W) 4.3 0.59 1.47 112.9 
correlation coeff. for 0.495 0.601 0.727 0.851 
output v. wind vel. 
4.5 平均出力係数 CI，v，CI 
風車の性能を検討する場合，式(4)の CI，vとCIの値によることが適切であろう。そこで無風状
態の少ない 1分間隔の50分間の測定(短期)と60秒間隔の 1ヶ月間の測定(長期，この場合 2
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Impact Sound Radiated from the End Surfaces of a Ram 
Kohshi NISHIDA and Toshiaki YOSHII 
Abstract 
In this paper， the p'ressure wave form of the impact sound is discussed theoretically and experimentally， 
which is radiated from the end surfaces of a ram in the deformation process of a billet. The impact sound may 
be attributed to air pulses caused by the sudden acceleration of the ram. The impact sound wave at a field 
point is calculated by superimposing those emitted from the divided small elementary areas of the end sur-
faces. In the calculation， itis assumed that the approximate acceleration of the ram changes sinusoidally， and 
that the shelter effect due to the ram can be ignored when the wave length of impact sound is larger than the 
dimensions of the ram 
The superimposed sound pressure wave forms agree fairly well with those measured by laboratory experi 


























発生する。表面積 Sの微小青j原が速度振幅 Vで振動するとき，放射される音二波の音圧 pは次式
で表わされる。 121
/ρQ ハ )1ωt-kr)¥ 
P = J ω47rr (1 ) 
ここで， ωは角振動数， ρは空気密度， Qは体積流で Q= SVで定義され音源の強さを表わす。
tは時間， kは波長定数で音速を Cとすると k=ω/cと表わされる。また rは微小音波;と測定
点、との距離を表わす。式(1)を体積流の定義を用いて表わすと次式となる O
/ρS ¥1ハ )1ωt kr) ¥ 
P = Jω 日石川 ) (2) 
J ωは時間に関する微分因子であるから，式(2)は音圧が音源の振動加速度に比例することを示し
ている O すなわち，振動加速度を u(t)で表わすと測定点の音圧は次式で表わされる。
ρs 

















































































白(t)= A I si片 t• o' (t) + sin与(t-'c)・o'(tーに)f (6) 








































日仮定は妥当なものと思われる O 凶の (b)はピレッ (a) Elast;c deformation 
Time トの変形過程が弾塑性域で、行われた場合で，残留
このひずみ波形から得られひずみが生じている。
Ram:中70x 67 mm， 
1.97 kg 
Bュllet:
中9x 16 mm 












TC~ 0.25 msec. 
ラムとビレは弾性変形の場合よりも大きくなり，
したがって，加速度‘ッ卜の接触時間が短くなる O


























































の場合について計算すると，(r2n - r1)/C =0.17 
ラム土端面からの放射音図-5
msec.となる。接触時間は0.25msecであるから，
パルス音の時間幅は0.42msec となる O 測定結果で
O 0.1 0.2 0.3 0.4 
o -+-:今;・・.._::，1'-目

























































幅 rの2倍を i子正波形の周期とみなし A二 2r
Cを波長と考えると凶 8の場合，ラム上端面から
の放射青の波長は288mmとなり， 下端函からの放
射 i~i の波長は261mm となる O いずれの場合も波長




















<!) 200 Measured 
コh 100 (入ーよ-fu) '" ω O 










'" O Q) t(msec.) L仏a 0.4 
マ5Oコ -100 
Ram~中70 x 67 mm， 
1 .97 kg) 
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A Probe for Automatic Measurement of Spatial Acoustic Intensity 
Kohshi NISHIDA and Masao IW AKURA 
Abstract 
In this paper， a method of measuring acoustic intensity automatically is presented. The method uses measur 
ments of the cross spectrum of the pressures at two closely spaced microphones. The acoustic intensity probe 
used is composed of two microphones which are arranged in parallel and with a short distance slided along 
those axes， and combined symmetrically with respect to a holder axis. The holder can be turned around its 
axis by steps of a constant angle for measuring three directional components of an acoustic intensity vector 
The acoustic intensity at a field point can be automatically measured by using such composed microphones. A 
transfer function technique is used for approximately correcting the phase~mismatch error between the instru 
mentation of the signal chann巴lsof two microphones. This method of measuring acoustic intensity automatical. 
ly is actually applied to a visualization technque of the flow pattern of sound energy emitted from one aperture 
of an enclosure with a speaker inside 
The experimental results show that the acoustic intensity probe used is an appropriate sensor for the auto 

































1 = p(t) ・寸(t) (1) 
ここで，音場のある点における r方向の音響インテンシティ Irを考えると，粒子速度の r方向
成分を u，(t)として，次式のように表わされる。
1， = P (t)・u，(t) (2) 




δu， ， ap ハρ 十一一 =0at . a r (3) 





ここで，Pは空気の密度， PI (t)， pz (t)は r方向に微少距離ムr離れた 2点における音圧を去わ
す。
U1(t)=)-I:〉 iP2(τ) - PI (τ) 1 dr 
ρムr
したがって，式(2)は近似的に次式によって表わされる。
1 PI(t)+PZ(t) i' 




および周波数帯域 (fl- fz) での rtl~響インテンシティ lr (f1 -f2)は，それぞれ，式(7)，式(8)によっ
て表わされる。
1m I GI2(f) I 
1， (f)= -
2πPムr
if' Im I G…(f) I 1， (fl-f2)ニ J:----=-::=..J__~~!一一 df2πρ~r J f， 
(7) 
(81 
ここで， 1m IG12 (f)1 は PI(t)，Pz(t)のクロススベクトル街皮関数(片側)の虚数部を表わす。以









方向にずらした構成となっている O この場合，測定方向は 2つのマイ
クロホンのtM動肢の中心をJi1iるil'1:線方向で、ある。このようなマイクロ
ホン構成のプロープを月]し、れば，そのホルダ一軸まわりにう主角度
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(lx. Iv. IJ = (Irl. Irm. Irn) 
また，凶 2に示すような(1)， (2)， および(3)のそれぞれのマイク
マイクロホンNo.1の中心からNO.2のロホンの状態において，







12二 1，(12+ mm2 + nmz) 
Ij = Ir(lh十mmj+nml)
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答を HI.H2とし，それぞれの入力音圧のフーリェ成分を PI.pz.出力音圧のフーリェ成分を P'I・
P'2とする。このとき，以下の関係が成り立つ。
P1'= HIPI， P2'= HzPz (1日
したがって，測定されるクロススペクトル密度関数を G'12とすれば，次式の関係が成り立つ。
GI2 = G'121HiH2 (16) 
ここに H'IはHIの共役複素数を表わす。 2つのマイクロホンを同一音場に置くならば P1
hとなるため，次式が成り立つ。
苛Hz HI2 1H12 








いと測定できない。 旧1は測定系 1で用いる騒音計の周波数応答のゲインであり， FLAT特性に
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の先端に距離差を設けた SIDEBY SIDE によるマイクロホン構成を考え，そのち~í=相主:補正のん，it
を検討し，さらに，モデル吉原を対象に，音のエネルギ流れの状態を実際に，白動計測すること
を試みた。以上の結果ーから次のような結論を得た。
(11 2本のマイクロホンの先端に距離差を設けた SIDEBY SIDE構成のインテンシティプロー
ブを用いれば，そのホルダ一軸まわりに一定角度ずつ 2度回転し，回転前と合せて 3回の測
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1 the present paper an experimental approach for shock waves and shock-condensation phenomena in low 
temperatllre gases (N2 and R-12) within the limit of -45cC is performed by means of new facilities developed 
by combining the non-diaphragm (snap-action) shock tlbe with cooling by liqlid nitrogen. Together with the 
meaSllrements for tempratllre， incident and reflected velocities of the wave， and preSSllre history， the experi-
ment of flow visllalization is condllcted， which shows wall condensation phenomenon of R-12 behind the re 
flec(ed shock wave 
1. INTRODUCTION 
Shock tube is one of the prominent apparatuses for the experiments on high speed gasdynamics. 
Conventional types of shock tube， however， have the problems of contamination and atmospheric 
influx or freezing of water vapor during the exchange of broken diaphragms， so they were not util 
ized to the experiments for the gas below room temperature without complicated contrivance for 
the diaphram exchange.1)可2)This is the reason why many investigations have been restricted to the 
gases which were initially in room temperature or in high temperature range. 
Recently the necessity of fluid dynamical approaches to such applicative engineering as coolant 
recurrence， LNG transportation， and cryogenic superfluid technology has developed enough. Espe 
cially dynamics of multiphase flow or high speed gasdynamics for fluids from room temperature to 
cryogenic range have been of great interest. Practical data， however， for these fields are quite in 
adequate 
ln this paper the new apparatus for shock experiments in low temperature fluid is contrived， 
which unites the non-diaphragm shock tubel，4) with cooling by liquid nitrogen. Making use of the 
apparatus， fundamental parameters， e.g. shock velocities and pressure history， of test gas N2 or 
R-12 (Freon 12; CCI2F2， dichlorodifluoromethane) are measured to investigate the behavior of 
shock waves in low temperature gases. Furthermore the possibility of condensation behind the 
shock wave in R-12 is checked up 
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Fig. 1 Experimental setup 
The schematic diagram of shock tube apparatus is shown in Fig.1. The outlooks of high-pressure 
driver chamber and test section are also represented in Fig. 2 -(a) and 2 -(bl， together with the 
mechanical assembly of driver section in Fig. 2 -(c). Non一diaphragm(snap-action) shock tube newly 
devised has a main piston made of nylon， which is substituted for conventional diaphragm， and 
also has an auxiliary nylon piston controlled by an electromagnetic valve for rapid release of rear-
ward high pressure gas. The basic mechanism of this driver section is similar to those reported in 
Refs. 3 ) and 4 ).The volume of high pressure driver is 2700cm3， and maximum usable pressure is 
about 500 KPa. Nitrogen is employed as a driver gas， and the pressure in driver chamber is moni 
tored by semiconductor pressure transducer (TOYODA; PMS-5 H). Behind the high pressure cham 
ber， evacuative section around the valve is settled to move both pistons rearward promptly， and to 
prohibit from air regurgitating. On account of the driver mechanism， this shock tube is free from 
pollution by broken diaphragm or freezing influx of atmosphere， and many cryogenic operations 
are possible with retaining the low pressure chamber in low temperature by liquid nitrogen 
For the driven section， seamless stainless tube of 19.4mm inner diameter is utilized， whose hori-
zontal and straight length is 2. 3m. In order to maintain the constant cold conditions or saturation 
phase equilibrium， the low pressure tube has 900 bend portion of curvature radius 150mm after the 
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Fig. 2 Photographs of experimental apparatus 
straight part. and has also vertical section of about 1m length. The diffraction and disturbances of 
shock wave passing through this bend portion are not considered to be so strong in the vertical 
downstream region of several times as long as the tube diameter. because the ratio of curvature 
radius of the bend to tube radius is the order of 15.5) Cooling section with liquid nitrogen， and 
vacuum heat shield chamber are also equipped to the vertical tube. The end part of vertical tube is 
a glass cylinder of 220mm length for f10w visualization or He-Ne laser beam transparency. 
The velocities of incident and reflected shock waves are measured from duration between the 
trigger signal by a lead zirconate-titanic solid-solution piezoelectric pressure element (Tokin; 
NPM-ND 5争)and the st巴eprise of electrical signal from phototransistor (TPS-603) by passing of 
the wave front through He-Ne laser beam. Pressure variation behind the shock is monitored by 
semiconductor pressure transducer (TOYODA; PMS-50H) in room temperature gas， and sup今
83 
Kazuo lvhENO 
plemental pressure monitor by the piezoelectric element (AC signal) is conducted in low tempera 
ture environment. Initial temperature of the gas in test section is me司suredby CA thermocouple. 
Measured data are amplified to be recorded by a storage oscilloscope (Kikusui; OSS-6521). They 
can be processed by micromputer (NEC; PC-8801) by way of A-O convcrter (Microscience; 
OAS-1280 BPC). 
The driver section is roughly isolated thermally by multilayer heat shield of aluminium foil and 
vinyl sheet， and partly by polymer form， together with the vacuum shield chamber 
3. RESULTS AND DISCUSSION 
3 -1. Fundamental Characteristics of Shock Waves 
P 4=370 [kPa] 
Pl=14.4 [kPa] 








Fig. 3 Shock pressure signal and phototransistor 
signal by He-Ne laser beam for room 
temperature Nz 







As for the test gas N2 in room temper-
aturc T]， measured data are presented in 
Fig. 3 ， where P4 is driver pressure， Pl is 
the initial pressure of test gas， v 1 is inci 
駐日tshock v己locity，and M1 denotes inci-
dent shock Mach number. Pressure 
variation behind the incident and re 
flected shock waves is the lower trace， 
and signal from phototransistor by He-Ne 
laser beam deffraction is the upper trace 
Rapid pressure increase by the arrival of 
incident/reflected shock wave and steep 
variation of phototransistor signal by 
laser beam diffraction from thεpassage 
of wave front are observed. Oiswrbed 
laser signal after shock reflection is con 
sidered to originate from the interaction 
of reflected shock wave with boundary 
500 [山田Cパ)iv] laver behind the incident shock 
Fig. 4 Shock pressure and phototransistor signals 
for R-12 test gas in room temperature Figure 4 indicates the measured data 
for test gas of room temperature R-12 (specific heat ratio; Y = 1.14， sound velocity; a二 152m/s，
molecular weight; 120.9， atmospheric boiling point; 243. 5K)6J Compared with the results in Fig. 3 . 
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Fig. 5 Pressure P2 behind the shock 
wave to incident shock Mach number 






















Fig. 6 Shock pressure and phototransistcr signals 
for R-12 in room temperature Oong time 
rangeJ 
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Fig. 7 Phototransistor signal and NPM piezoelectric 
pressure element signal for the shock wave 
in low temperature R-12 
it is remarked that the diffraction signal 
of laser beam behind the shock reflection 
shows much more furious disturbanccs 
This phenomenon occurs from the stron-
ger l1ter乱ction between the reflected 
shock and boundary layer behind the in-
cident shock wave， as the specific heat 
ratio of R-12 is far smaller than N2 
Moreover， the condensation at the tube 
7) wall after the reflected shock" and the 
condensed droplets behind shock wave 
also have strong effεct on this phe 
nomenon to scatter the laser beam. Prac-
tically laser beam sc且ttering by very 
small condensed droplets can be visible 
after the arrivals of reflected shock wave 
or contact surface 
Gradual increase of the pressure be-
hind incident shock seems to be origin-
ated by energy relaxation of R-12 mole-
cules with the high degree of intra 
molecular freedom. The measured press 
ure P2 behind the incident wave from the 
photographs can be compared with the 
results calculated from initial conditions 
and measured shock velocity by Rankine-
Hugoniot relations with constant sperific 
heat ratio. The compared data represent 
favorable coincidence for test gas N2 a:s 
shown in Fig. 5 ， while measured pz for 
R-12 shows lower distribution than esti 
mated results， which is also due to mo 

















Fig. 8 Incident shock Mach number M， and 
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Fig. 9 Incident Mach M， and initial pressure P， ofN2 







. : P4= 41ι"Po T， =29.9ω248，2K 
40 60 
cates the data in long time range for 
room temperature R-12. from which it 
can be seen that the stagnant conditions 
behind reflected shock wave are main-
tained for about 20ms after reflection 
As the typical result for test gas R-12 
in low temperature. Fig. 7 shows the trig 
ger signal from piezoelectric pressure 
element (NPM-ND 5φ) in lower trace and 
phototransistor signal in upper trace. 
This is an example of low initial press 
ure Pl. so the condensation effect cannot 
be confirmed ciearly. 
Figure 8 represents the relation be-
tween incident shock Mach number Ml 
and pressure ratio P41 of driver gas N2 to 
test gas N2. Solid line is the calculation 
curve for an ideal and onedimensional 
shock tube in room temperature. Dashed 
line shows the calculated curve for low 
temperature N2. and the difference be-
tween sound velocities of room and low 
temperature results in higher distribu← 
tion. Measured data for our non.dia-
phragm shock tube indicate lower distri-
butions than the calculation curves， and 
including some errors， measured incident 
Mach Ml for low temperature N2 shows 
higher trend than the measurement for 
room temperature N2. This tendency 
appears also in Fig. 9 and Fig. 10 which 
P 1 ( kPo ) expr巴ssthe relations between the 町 I
Fig. 10 Simila1' 1'elation between M， and P'， toFig.8 dent shock Mach number M1 and initial 
fo1' another fixed P4 
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pressure Pl of N2. As shown in these figures. stronger incident shock wave can be obtainεd from 












( 291 K) 
。同晶ぽ剖
In al cases shown above. it is clarified that the 
repetitive operations of our shock tube apparatus 
in low temperature range to the degree of -450C 
have no problems 
Figure 11 indicates the relation between Ml and 
P41 for test gas R-12. Solid line is the calculated 
results for ideal shock tube. and owing to the litle 




room and low temperature coincide with each 
240 other. In ge町 ral.r町 asuredMl distribt巾 shigher 
than calculation curve in this experiment. As the 
Fig. 1 lncident shock Mach number M， and 
pressure ratio P4' for R-12 
nonequilibrium condensation behind shock wave is 
likely considered to diminish the shock strength. 



















p， ( kPa) 
this figure there can be seen two different tenden-
cies for low temperature R-12. This result 
appears also in Fig. 12 which represents incident 
Mach distribution to pressure Pl of R-12 for fixed 
P4 of N2. Since some error in the measurement may 
be infered. more precise experiments about this 
combination of conditions are necessary. including 
the reliability check of CA thermocouple and 
60 
cooled conditions in test section. Figure 13 shows 
Fig. 12 1口cidentMach M， and initial pressure the similar relations to Fig. 12 of R-12 for diffe-
p， of R-12 for fixed driver pressure 
P4 of N2 rent driver pressure P4 of N2司 Inthese figures. 
calculated curves are obtained from variable spe 
cific heat ratio Y with respect to temperature T given by 
Y =1.169+8.2XlO-6(T-220)2 























3 -2. Flow Visualization 
ln our experiment. if th亡testsection is cooled enough 
by liquid nitrogen below the cquilibrium boiling point of 
R-12 under a given pressurc PJ， condensed liquid phasc 
accumulates at the bottom of cylindrical日lassend of thc 
vertical tube to accomplish liquidgas phasεequilibrium 
in test section. The saturation cur可eof R -12 is presentecl 
in Fig. 14. If th巳 incidentor reflected shock wave prog. 
resses into the g呂sin such phase cquilibrium， flow para 
meters， p and T， behind the shock jump up to the right 
Fig. 13 Similar relation between M， and hand direction according to Rankine.Hugoniot relations 
P， toFig. 11 for another fixed 
P4 as shown in Fig. 14. The temperature of the gas closely 
adjacent to the wall， however， cannot follow the jump condition， and 
8) .9) condensation effectOI • ol may play an predominant role at solid wall 
7) or liquid surface 
As a matter of course， such molecules of high molecular weight as 
R-12 have many intricate degrees of intramolecular freedom， so the 





????? Wall Condi tion 
jump. Consequently the explanation for such shock wave as in Freon 
in equilibrium dose depencl on the development of further detailed 
O 
173.2 273.2 373.2 researches in the aspects of real gas effect. 
T ( K) 
Fig. 14 Equilibrium saturation 
curve of R-12 
Figure 15 represents motor.driven photographs of the behavior of 
liquid.gas R-12 phase interface before [(a)] and after [Ib)-I f)] shock 
reflection. Since the frame speed is slow (maximum speed; 5 frames/ sec)， incident and reflected 
wave fronts cannot be snapshotted. But the first disturbance of interface by shock reflection or 
contact surface arrival can be recognized [i b)] ， along w仙 thefar later disturbance by boiling of 
liquicl phase [(f)]. Condensed liquid film on vertical wall can also be seen in the photograph [Ibl] 
The high.speed shadowgraphs of the liquid.gas interface are shown in Fig. 16ialー(h).These sha 
dowgraphs are taken by high speed camcra (Osawa; HYCAM 40 -0004) with thc framc speed of 
1480 frames/scc. It can be seell from these figures that the condensation layer on glass tube wall 
begins to climb up after shock reflection [: u 1] ， though the refleded shock cannot be recorded. Af 
ter clambering the adiabatic日lasswall up to the order of cylinder radius， theじondensationlaycr 
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T1 = 248.3K， P1 = 13.3KPa 
T4 = 288.7K， P4 521.6KPa 




Fig. 15 Photographs of liquid-gas interface taken by motor-driven camera [( a) ; before 
shock incidence， (b) (ーf);after shock reflection) 
starts to vaporize slowly in the stagnant circumstances behind shock reflection and contact surface 
interaction [( c)ー (d)].Some degree of disturbances or vaporizing instability can be observed in Fig. 
16(e)ー (h).The photographs shown in Fig. 16 cl巴alycorroborate the condensation phenomenon at 
cold tube wall behind the reflected shock wave in low temperature R-12. It can be also remarked 
that in our experiment the condensation after shock reflection begins to proceed from liquid.gas in 







~ t [0.68 ms/framel 
~t 
~t 20.4州
Fig. 16 Shadowgraphs of the behavior of R-12 liquid-gas intcrface taken by high-speed camera (1480f ramcs/ SE 
P， =40KPa， T， =255.6K， P'4 =520KPa 
90 
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4. CONCLUDING REMARKS 
A new apparatus of shock wave experiment in low temperature gases is contrived by assorting 
the non-diaphragm (snap-action) shock tube with cooling by liquid nitrogen. Measurements are per 
formed for shock waves in Nz and R-12 of temperature range from room conditions to the degree of 
450C， and fundamental shock wave paramenters are obtained. The operations of our shock tube 
in such low tempεrature range present no problems. Complicated real gas effects on shock be 
havior of R-12 are observed. Among other results obtained， a strong condensation phenomenon at 
the tube end wall behind the reflected shock wave in low temperature R-12 is corroborated to巴x.
ist from laser beam scattering and flow visualization by high spced shadowgraphs 
(Received May 21， 1985) 
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Grain Growth of Aluminium Sheets during Strain-Annealing 
Process in Temperature-Gradient Furnace 
Kohsuke T AGASHlRA， Masachika MASUDA' and kazuyuki KIKUCHl 
Abstract 
Grain growth behaviours in strain-annealing for commercial aluminium have been investigated in relation to 
the process parameters such as pre-annealing temperature (380 -600"C)， strain ( 0 -7 %)and inserting veloc-
ity into the temperature-gradient furnace (1.88 -40mm/h). The results are as follows: (1) The growth modes 
have been determined on the strain-inserting velocity diagrams. According to these diagrams， the upper critical 
velocity for single-crystal growth mode has increased with strain. Bi-crystal growth mode has been occurred 
under the conditions of high strain and low inserting velocity. Whereas many fine matrix grains were re 
mained within growing single crystals as island grains under both low strain and high velocity conditions 
121 'It has been made clear that grain boudary energy should play an important role for driving force for 
bondary migration as much as strain energy. (3) Orientations of growing grains have been always near 
(100) [011]， bei時 unaffectedby strain and inserting veloc町 Inthe temperature-constant furnace， hewever， 
these have been much 【lispersedfrom (100) [011] except unstrained specimens. (4) Both the temperature at 
the growing front of single cyrstal and the number of island grains have decreased with an increase in strain. 
1. Introduction 
Strain-annealing process in metallic materials is a series of treatment that stable fine matrix 
polycrystalline are strained by less than 10% and then annealed at reasonable temperature. This 
process is quite different from the ordinal annealing process for the heavily cold-rolled metal 
sheets， because during annealing stage the appearences of nuclei at grain boundaries， within grains 
or near surface layers are not usually occurred but do only the normal growth， or the abnormal 
one at times， of matrix grains by strain.induced grain boundary migration. So this is sometimes 
1)‘2) adopted to obtain large single crystals of metals or alloys" ."1 . On such an occasion， the methods 
that specimens deformed in a few per cent are inserted into temperature-gradient furnace at very 
low uniform velocity is adopted in spite of being kept inside the box-annealing furnace 
The technique in order to obtain single crystals by this process seems to be easy at first sight， 
but the optimum conditions or the behaviour of single crystal growth have not been necessarily 
discussed clearly and sys印刷tically.For example， it is well known that (110) [001] oriented 
grains grow abnormally at the sacrefice of other oriented grains when commercial purity Fe-3. 25%Si 
* Graduate student， Present adress; Musashi Works of Hitachi Ltd， Tokyo 
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alloy sheets are strained to a few per cent and then且日目ぞaled.For thc answer to the qlleoきtionwhy 
only the selcctive oriented grains grow on this process， the interpretation by Dunn ancl Nonkenli 
has been regardcd as reasonable that grain bOllndaries can uSllally m(wc by 日](、ans()f strain cner 
gy cliffercncc betwccn two adjacent grains (strain-inclucecl日rainboundary 日11立ration)and that 
some of the matrix grains having prefcrred orientation may happen to bc low rcsidual strain state 
ancl耳rowby absorbing acljacent fine matrix grains which are highゼrstra1日日tate.A日日instthesゼex
.1)日}
planation， one of the authors" .，. has suggested about str乱inannealingin Fc Si alloys having 
several kinds of impurity levels that the driving energy for grain growth might not always depend 
upon the clifference of residual strain energy. The、yalso suggested that the contribution of耳ra1l1
bounclary energy ShOllld not be neglected呂ndthat the tεxture formation during strain anncaling 
may be causcd by thぞ behaviollrof dissolution and diffusion of impurities in large angle grain 
bOllndaries 
In this paper， the behaviours of耳raingrowth in strain-annealing have bcen stuclied in relation 
to process parameters for commercial purity alllminium 
2. Experimental Procedures 
Materials used here are commercial-Pllrity alllminillm sheets of 1. 2mm thickness which have bcen 
cold rolled by 70% in thickncss. The chemical compositions are shown in Table 1 
Al Ti 
Bal. 0.02 
Table 1 Chemical compositions 01 specimen (wt%) 
These were Clt to the rectan耳lesheets as the size of 15mm width. 125mm length and 1， 2mm thick-
ness. Longitudinal direction of these specimens were to be as same as cold rollin耳direction.These 
were annealed in vaCCllum (2.7 X 10-:1 Pa) for 2h at the temperatllre from 380 to 6000C _ This heat 
treatment will be callεd as "pre-annealin耳"from now on. Then they were deformed in strain ran耳f
from 0 to 7 % by Instron type tensile machine at the speed of 0.33mm/s and annealed again (secon-
dary heat treatment) in either the constant-temperature fllrnace (for 2h at 630oC) 01' the tempera-
ture-gradicnt furnace (maximum temperature: 630oC). These secondary heat treatments were also 
carried out in vaccuum (2，7 X 10 :1 P昌).
The呂pparatusincludingthe temperature-gradient furnacc、isthc、similaronc which was d巴signed
in orcler to make Fe-Si single cry日talsby one of thc authors(;:.7i. The cliffercnt point for both 
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apparatus is that the present one is able to be varicd temperature.gradient by sliding the water 
cooling jacket in the vertical combustion tube. At the present experienc仏 thetemperature耳radient
has been settled as 150oC/cm at the point of 5500C in the furnace without any specimens (maximum 
temperature: 630oC). Inserting velocity of the specimens into the furnace were selected from 1.88 to 
40mm/h 
Textures after pre.annealing were determinゼdby the X-ray diffraction method (Co-Kα， 
30k V， 10mA). The optical gonio. microscopy were used in order to measure orientations of grown 
grains after seconclary heat treatment 
3. Experimental results and discussions 
3. 1 Pre-annealing structure 
RO RO 
Fig. 1 Polc figllres of matrix strllcture showing contollrs of eqlal pole density. 
Annealed for 2h at 400oC. (a) (1α1) pole figlre， (b) (111) pole figure. 
RD: rolling and tensile direction. 
Mean耳rainsizes in matrix structures after pre.annealecl for 2h at 380 to 5700C were almost same 
of 45 to 50μ111. For hi耳hertemperature than 5900C . however. abnormally grown grains wcrc 
。bservedin matrix. hcnce mean宮rainsizes increased abruptly. Matrix texture formed by pre 
annealin耳 at4000C is shown in Fi月Itis really same as primary recrystallization tcxture of 
heavily cold rolled aluminium sheets. Some of the preferred orientations of matrix structure arc 
(110) (111)， (110) (112)， (112) (111) and (456) (121) Although recrystallizatio日 texturesof the 
speClmen日prc.anm'aledat 5000C and 55CfC are not shown herc. they are similar to onぞ annealedat 
400oC. (100) [011J orientation and its near ones were not so strongly detectecl by thc X--ray clif 
fraction methocl. but these existences were often certificatecl by the optical microscopic obscrvation 




Fig. 2 Matrix structure after pre-annealing 
for 2h at 550'C. Coarse (100) (Ol1J 
grain can be distinguished by ori-




























。 2 3 
Strain(%) 
Fig. 3 Relationship between strain and grain 
size. Secondarily annealed for 2h at 
630'C in the' temperature-constant 
furnace after pre-annealed a t various 
temperatures and strained. 
rized in atmospheric air 
3.2 Grain Growth in Constant-temperature 
Furnace 
Mean grain sizes of the specimens which were 
pre-annealed for 2h at 400， 500 and 550oC， strained 
to 0 to 5 % in tension and then carried out secon-
dary heat treatment in the constant temperature fur-
nace are presented in Fig. 3 . According to this fi-
gures， grain sizes are always largest on the speci 
mens which were not strained after pre-annealing 
and these decreased with an increase in strain. It 
may be thought that the generation frequency of 
coarsening grains (seed grains) in matrix structure 
increased with strain， This phenomenon is complete-
Iy different from grain growth in Fe-3. 25%Si 
sheets8J， In the case of Fe-Si alloys which were mol 
ten in vaccuum， the grains after strain-annealing 
• 
process in constant-temperature furnace were gener 
ally coarsened within the strain range of 0 to 4 % 1) 
It can be applied therefore to guess the optimum 
condition to obtain large single crystals in the 
temperature-gradient furnace. Similar tendency has 
been acknowledged on the commercial purity Fe-Si 
sheets9) ， But Matsumura and Kamada 10) reported 10) 
that seed grains were unable to grow on strain-
annealing process in such a low strain level as a few 
percent when starting from Fe-3. 25%Si decarbu 
(100) pole figures for specimens pre-annealed at 550'C， strained to 0 ， 3 and 5 % intension and 
then annealed again at 6300C were indicated in Figures 4 (a)， (b) and (c) respectively_ For un今
strained specimens the orientations of growing grains are almost near (100) [011]， but it become 
apparently dispersed from (100) [011] by strain ratio， This tendency were basically similar to 
other pre-annealing temperatures (400 and 500'C)， The dispersion from (100) [011] orientation for 
unstrained specimens has turned narrower with an increase in pre-annealing temperature 
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(100) pole figures. pre-annealed for 2h at 500oC， strained to (a) 0%， (b) 3% and 
(c) 5% and then annealed for 2h at 6300C in the temperature-constant furnace. 
( bJ 
Fig.4 
Grain Growth in the Temperature-Gradient Furnace 
Macroscopic structures of specimens annealed in the 
These temperature-gradient furnace are shown in Fig. 5 
specimens were inserted into the furnace at lOmm/h after 
being pre-annealed at 4000C and then deformed to several 
kinds of strain ratio. It is observed on the specimens 
strained to 0 ， 1 and 2.5% that only one grain， sd called， 
3.3 
single crystal is growing from the tip of specimen (higher 
Fig. 5 Growing grains by strain-annea-
ling process in the temperatllre-
gradient fllrnace at the inserting 
velocity of 10 mm/h. Pre-annealed 
for 2h at 4000C and then strained 
to (a) 0%， (b) 1%， (c) 2.5%， 
(d) 3.5%， (e) 4% and (f) 5%. 
Left-hand of specimens is low 
temperatllre side. 
taneously growing parallel to the longitudinal direction of specimens (bi-crystals). At the strain of 
temperature side) to matrix (lower temperature side). On 
undeformed specimens， however， a lot of fine matrix 
grains (seen as bright spots in Fig. 5 (a) ) are remained 
strain ratio of 3.5 and 4 %， a few seed grains are simul-
as island grains within single crystal (dark area). At the 
(f) 
5 %， progress of seed grains to the longitudinal direction seems to be restrained， therefore the 
growth mode became in polycrystalline司Itmay be also pointed out from these photographs that the 
growing front of single crystal， which is just the boundary between single crystal and its adjacent 
matrix grains， has changed its position from higher temperature side to lower one with an increase 
in strain of less than 2.5%. It will be referred at next paragraph 
As mentioned above， lots of matrix grains have been unabsorbed and remained as island grains 
within growing single crystals in thεcase of extra-low strain ratio. Its macroscopic structure is 
6 . The proportion of single-crystallized grain growth S (total length of single 
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crystallized part per unit width in transverse 
direction of specimen) is also shown as function 
of distance x along longitudinal direction in Fig. 
7 . lncidentally the relationship between strain 
and gradient G dS/dx at the 50% single 
Fig. 6 Fine island grains (Iight) remained in 
single crystal (dark). Pre-annealed at 
crystallized location are shown in Fig. 8 for 
specimens pre-annealed at 4000C and inserted 
into the furnace at 5 mm/h 
ludging from the macroscopic observations， 











4000C， strained to 1% and then inserted 
into the temperture-gradient furnace at 
the velocity of 2ふnm/h.
o 2 4 6 B 10 12 14 16 18 20 
single crystals excluding island grains. while 
the G~values have been less than 6.0 for impe下
fect single crystals containing much island 
grains. ln the case of G~values between 6.0 and 
9.0， appearences of single crystal growth are 
not always corresponding to the G~value. G 
values tend to rise in proportion to strain. It 
Disfance (mm) may be supported by the fact that driving force 
Fig. 7 Relationship between distance (x) and for migration of single crystal front should be 
Single-crystallized proportion (S) 
related to Fig.6. increased with strain ratio. Though the insert-
ing velocities into the furnace are not particularly entered in Fi只 8守 thehigher the inserting 
velocity the less the G~value for the same strain ratio 
The growth modes after secondary heat treatment are arranged by relating to strain ratio and 
inserting velocity as shown in Figures 9 (a)， (b) and (c) for three kinds of pre-annealing tempera-
ture. ln these figures， single crystal mode (marked by ・)is corresponding to G~value being more 
than 9.0， while inperfect single crystal mode containing lots of fine island grains (marked by 0 ) 
are corresponding to G~values of 3.5 to 6. O. The area surrounded by two dashed lines and the co 
ordinate axis are conformed with the condition to obtain single crystals without any island grains 
Upper critical inserting velocity for the growth mode of complete single crystals have become in 
creased with an increase in strain ratio having no connection with pre-annealing temperature. lt 
should be supposed that driving force for boundary migration in unstrained specimens may be 
chiefly dependent on only grain boundary energy. On the other hand. as increasing strain ratio the 
effect of strain energy due to dislocdtion introduced within fine matrix grains by deformation must 
100 


















be added to the effect of grain boundary energy 
U nder the strain being more than 4.5%. growth 
mode has changed to polycrystalline mode (marked 
b)ァロ)except in specimens pre-annealed at 5500C 
and then inserted at extra-low inserting velocity. 
It might be caused by an increase in the genera-
tion freq uency of seed grains in matrix structure 
Grain boundary migration may be generally cx" 
pressed by the rate equation. 
V = M X P.・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・(11
0 23 4 where M is the boundary mobility and P is the 
5train ("!O) 
Fig.8 Relationship between log G (=dS/dx 
at 50% single-crystallization) and 
strain. 
S: total length of single-crystallized 
part per unit width in transverse 
direction of specimen. x :distance. 
driving force. 
M is expected in some way to depend on the 
structure of grain boundary. temperature and im 
purity level but not on the driving force. If the 
matrix grain structurεfor strain annealing process is quite stable， M may be constant for a given 
temperature. If so， V must depend on P for high purity specimens. Disregarding the effects of im-
purities， M and P are given byア theequations， 
M 二 A exp(-Q( ())/kT) …...・ H ・..………...・ H ・..…………・ー………………………...・ H ・.(2)
P = (Yb/R) 十 μb2ムNd十 (ムYs/t)……………………...・H ・......……...・ H ・..……...・ H ・-・(3)
Here T is the absolute temperature， Q (θ) is the activation energy for grain boundary migration 
depending on the misfit angle () (orientation difference) of the moving boundary， and A is contant 
being independent of temperature， Yb is the grain boundary energy，μis sheat modulus， b is 
Burgers' vector of dislocationムNdis dislocation density difference between growing single crys-
tal and each matrix grains and also Ys is surface energy difference between them. Third term of 
right hand side in Eq. (3) may be negligible when specimen thickness t isremarkably large as com-
pared with average matrix grain size R. Orientation differences between single crystal and matrix 
grain are considered to be not so varied with each matrix grain， hence V may be decided by P 
rather than M. For the present specimens， R， μ， b and t are about 5 X 10-5 m， 2.5 X 1010 N/m2， 
the order of 3 X 10 --]0 m and 1.2 X 10 -3 m， respectively. A verage value of grain boundary energy 
should be approximately 2.5 X 10 -] mJ / m2守1]).If dislocation density difference could be estimated 
as 105 and 2 X 106 /mm2 coresponding to strain ratio of 0 and 5 % 11)， then values of V should be 
5.2 X 102 X M and 9.5 X 102 X M (m/s)， respectively. Comparing these v争lueswith the upper 
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dashed line in Fig. 9， M should be calcu 
lated as 1. 4X10~9 m4/ J.s. 
Dunn and Walter12) calculated M values 
for high.purity aluminium on account of the 
experimental results about normal grain 
According growth by Beck and Sperryl3) 
to their caliculation， M was 2 X 10 -10 m 4 /J.s 
for the strong matrix texture case， while M 
was 2 X 1O ~9 m4/J.s for the weak matrix 
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texture case. These values are similar to 
the above our values. Though there are 
stil remained some questions against the 
estimation for dislocation density difference 
and other， grain boundary energy should 
play an important role for the driving force 
of boundary migration as much as strain 
energy in the present specimens 
was 
almost same about 50μm which is indeperト
slze gralll matrix average The 
dent of pre.annealing temperature as men. 
tioned in 3.1. It is curious that the range 
of complete single crystal mode have be. 
come wider as shown in Fig. 9 with pre. 
annealing temperature in spite of similar 
matrix grain size. But size of (100) grains 
which have been rarely observed in pre. 
annealed structures are at least twice the 
grains as de-mean diameter of matrix 
scribed in Fig. 2 . Orientations of these 












? … ? ? ? ? ? ? ? ? ? ? ? ?
?? ? ? ? ?
↑???
↑? ? ? ? ?
almost near (100) [011J as a result of accu 
rate measurement of micro-orientation etch宇
pits. If the dislocation density in fine mat-
Fig. 9 Growth modes related to strain and inserting-
velocity into the temperature-gradient furnace. 
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rix grains should be supposed to be higher than in coarse ones after low plastic strain ratio. it 
may be understood that only a few (100) coarse grain of low strain energy level will be able to be 
grown selectively to single crystal by absorbing other oriented fine matrix grains_ Agreement on 
the relation of grain size to strain ratio between two different kinds of secondary heat treatment 





¥i 1~ ; ;パ;ペぺ/ペl  
Fig. 10 Inverse pole figures of grown 
grains under the foJlowing pre-
annealing temperatures and 
strams. 
(a) 4(XtC. 2%. (b) 400oC. 3%. 
(d) 550oC. 3%. (e) 550oC. 5%. 
Left; plane normals. 
Right; tensile directions 
In the case of pre-annealing temperature at 550oC. high 
quality single crystals have been grown even under the 
conditions of higher strain ratio of 5 to 7 % and extra-low 
inserting velocity (1. 88mm /h). It should be assumed from 
these results that dislocation density in matrix grains 
which were just going to be absorbed by the growing 
grains in temperature-gradient furnace might become lower 
by no means of recrystallization but recovery in the con-
sequence of extra-low inserting velocity. then coarse matrix 
grains which ought to be essentially activated to grow 
themselves to polycrystalline mode might have been grown 
to single crystal mode by each containment phenomenon 
Orientations of grown grains by strain-annealing are 
shown in Fig. 10 for several combinations of strain and in-
serti昭 velocity.These are almost 町 ar(100) [011J having 
no connection with pre-annealing temperatures and strains 
These (100) oriented grains must have been some of the 
matrix grains and grown preferrencially by absorbing the 
other oriented matrix fine grains. But it is unexplained yet 
whether this phenomenon may be similar to the case of 
(110) [OOlJ grains grown duri時 strainanneali時 stageof 
Fe-3.25%Si alloys or not. These are quite different from 
the results in the temperature-constant furnace that orientations have been much dispersed from 
(100) [Ol1J with the increase of strain ratio as mentioned above paragraph. It is' interesting that 
crystallographic indices of migrating directions are limited to町 ar[Ol1J. It is quite different from 
the case of solidification of aluminium in which growing directions parallel to columner structure 
are (100) 14) . On the other hand. by studies on the directional solidification of aluminium alloys. 
such as AI-CuAI. AI-AbNi etc. growing direction was ge肘 rally[Ol1J 151 .161 • and it is of the 
103 
FFJ~点孝介・噌fIJ正予'Jl.菊地 f 之
samc as the direction of preferrcd migration in thc prescnt strain-annealing expcrience. But 
whcthcrεxact growth mechanism of both cases are similar or not are stil unknown 












As mentioned in the above pa 
ragraph (3.3)， the higher the 
stral1 r社tlO町 thclower the temper 
aturc at the 1りcationof growing 
front of sin耳lccrystal， that is. the 
bOllndary bet札印ngrowing single 
crystal and malrix grains. Besicles 
the日lOrpholoばyof these growing 
front is not in straight but in zig 
Fig. 1 Temperature distribution curve on the semi-infinite length 
spccimen in the temperature-gradient furnace (in vaccuum). zag 
The growing front positions of single crystals are shown 
Temperature distribution 
by arrows for each strain from 0 to 4%、 品longthe longitl1clinal clirεction of 
specimen being rcgarclccl as simi-infinitεlength is indicatecl in Fi日 11for thc presじnttcmpcrature 
graclicnt furnace (in vaccuum). J udgin日fromboth the experimental rcslllts and this fi耳l1rc.actllal 
temperaturc at growln日frontmay bc cstimatt:cl to bc 600， 585， 560， 515 and 49(fC for the spcci. 
mens which wcrじ prc.anncalt、clal 55(fC ancl strained in 0‘ l‘2‘3 and 4 % respectively and 
then inscrted into the fl1rnace at the velocity of 10mm/h. In the spccilllcns cldormecl in lcss than I 
% the locatioll of growing front was defined as a 50% single-crystallizecl location because of bcin耳
llnable to mcasurc accurate location cll1e to lhc existellce of many un社bsorbedmatrix記ra][ls
Thc rea日onwhy the location of growin耳目inglccryst昌1fronl in thc tcmperalllrc-gradic、ntf lrla仁じ
is switchcd to lower temperatl1re sicle by strain might be considered to bむ ducto a日ll1crcaseII 
drivin耳forceby strain energy呂ndintεr昌ctlOnsbetween impurity atoms and dislocation. It is wcll 
known lh昌tlmpl1nly atoms亡xistingin compollncls such as sl1lfides， nitrides. carbicle，εtc.， are 
cffective to distllrb the recovery of both strain ancl thc grain bOllnclary migration. These impuritie日
are usually dfective to recovery and recrystallization only l1ncler a certain lcmperalure as clar 
ifiecl by Tagashira et al.") ， that is the same as clissol ving temp亡ratl1rcof their compouncls. In the 
present aluminil1m specimens， howev己I¥restralnttcnlperatulむ forgrain日rowthclccreasecl with 
stra][l. 
So the role of impurity atoms does not play as compol1nds but probably as solid solutions. If lat 
tice diffl1sion of impurity抗omsin Al such asじ1.Si， may be aided by uメingthc dislocations as 
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high diffllSivity paths_ These atollls lllay be able to diffllse easily frOlll lllatrix grains (lower 
telllperatllre siclc) to日inglccryst昌1(higher telllperatllre sidε)_ Dllring this process. illlpllrity atollls 
m江ystay tClllpor乱lilyalo日 thebOllndary betwc巳nsingle crystal and its adjacent lllatrix grains. 
bllt next instance they lllay be clif日seinto singlc crystal as sllbstitlltional atollls by llleans of 
vacancies therllloeqllilibrilllllly generatecl insicle the singlc crystaL ThllS bOllndary lli耳ratlOnlllay 
be promotecl by the releasc frolll illlpurity inhibitions_ It ShOlllcl be more consiclerecl in details 
4. Conclusion 
The effects of prc-annealin耳 tClllperatllres.strain ratios and specimen inserting velocities into 
ternperatllre-graclient fllrnace on the strain-annealing behaviOllr has been stlldied in comrnercial 
pllrity alllminill日LThe following reslllts have been obtainecl. 
(ll growth rnocles ha¥ic bcen clcterrninecl on the cliagrarn of strain and specimen inscrting velocity 
Accorcling to thcsc cliagrarns. llpper critical velocity for single crystal rnode has increasecl 
with a日 incrcascin strain_ It may be estimatecl that grain bOllnclary energy ShOlllcl play an im 
portant rolc for the driving force of bOllndary migration as rnllch as strain energy 
121 Orientations of grown grains by strain-annealing have been always near (100) [011J being no 
affected by strain and inserting velocity_ Whereas in the reslllts of strain-annealing in the 
ternperatllre-constant furnacc these have bcen mllch dispersed from (100) [011J excepting ln守
cleformecl specimens 
(3) As the pre-anneali口氏 temperatllrewas raisecl. the conclition for sin耳lecrystal growth llocle 
日preacledon the strain-inscrting velocity diagrarn_ After al. for preannealing at higher 
temperatllre SlI1区lecrystals exclll【lingany island grains cOllld bc grown even at rapid insert-
1I1耳 velocityil thc rc日iOlof hi只herstrain and extra-low inserting velocity 
i 4) Mode for poor quality single crystals containing lots of island grains was obtainecl uncler the 
conclitions of lowrr strain and highcr inserting velocity. while bi-crystal mode was gcnerally 
done lIndn higher strain and lower inserting vclocity 
i 5 1 Both the tcmpcratnrc at thc front of growing single crystal ancl the rnllmber ()f remained fine 
islancl日rainswithin sin日lecrystal wcre clecreased by strain_ It has not been obscrved in 
stralI1-a日n('社lin日proccsson Fc-:3. 25%Si alloy including certain kinds of impllritics 
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A Study on the Characteristic of Combustion 
and Heat Transfer of a Flame 
(3rd Report， The Effect of the Ambient 
Pressure to the Analogic Jet Flame) 
Masayoshi Kobiyama 
Abstract 
In this report， the effects of the ambient pressure， that is the pressure in the combustion chamber， on the 
characteristics of the jet flames were examined with a new pressured combustion chamber to observe the 
variation of the flame length， temperature， combustion efficiency and so on. The experiment was performed 
with diffusion flames of air and propan gas fuel through a simple gas burner pointed upward and with the ex 
perimental conditions set up to form the analogic jets of which characteristics were not affected by the ambient 
pressure at the inlet 01 combustion chamber. The experimental results of flame lengh and combution efficiency 
show that the region of air and fuel velocity ratio is divided into two that is a region affected ambient pressure 




















2 Fuel tank (LPG) 
3 Fuel regurating valve 
4 Roter meter 
5 A i r compressor 
6 Air filter 
7 Air regurating valve 
8 Orifice 
9 Coo1 er 
10 Water sepaγator 
1 Drain tank 
12 By-pass valve 
13 Pressure regurating valve 
14 Measuring port of stag 
9a 5 tempera ture 
15 Sampling port of stag gas 
16 Outlet of coo1 ing water 
17 1n1et of co01;nョwater
18 In1et of ignition coi1 






体凶を凶 1に+す O 実験装i"i
の全体は略i削の熱白石jのiJliJ;定











































































を規定する値である。式(1)において， m，Mは質量流最，運動量を示し， ρ司 νは密度，動粘性係
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定値とするには空気一燃料速度比μを 4定に保ち， Vf また，閉
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実験範囲での Re'は図 5(a )の条件下で約0.79XIO¥
る。
するが，











火炎の最高温度 TM と速度比μの関係を図 6に示す。燃焼室内圧力
PFが高くなるにつれ TM は低下し，その傾向は燃料流量の少ない場
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Same symboles as in Fig.6 
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火炎の長さ L，、と燃焼効率 TJ(の関係を調べるため両者の比 Lド/玖の1i1(を求め凶 8にぶす。/riJ
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Analysis of Radiative Heat Transfer 
(6th Report， Difference of characteristic between heating and cooling wall condi-
tions in case of combined heat transfer with radiation and convection between 
two parallel plates) 
Masayoshi KOBlYAlVA 
Abstract 
Non-dimensional temperature and Nusselt Number of the combined heat transfer with r且diationand convec-
tion take different valuεs whether the temperature codition of the walls are heating walls or the cooling ones 
even though the highest and lowest temperatures of these model are same because of the non-linearityア ofthe 
temperature. In lhis report‘the problem of combined heat transfer between two parallel plates was analyzed to 
clcar the difference of characteeistic between heating wall model and cooling one by mean of the numerical 
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2，伝熱系および基礎方程式
伝熱系を図 1に示す。この系は第3報において用いたものと加熱壁の温度条件を除き附ーのも





基礎方程式は第 3報における無次元式，式(1)， (2)と同様で、あるが，第 3報において詳述した x
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ただし，添字 1， 2はおのおの壁 1， 2に属する値を示している。
Y = 0.1 加熱壁の場合
冷却壁の場合
Nux = 0 
θ町 =θ~ = 1 ¥ 
( 0三X壬Xo)
8w = 8g =1/2 j 
(X< 0 .Xo<X) 
-4A喰<X<-2A':加熱壁の場合 θ 九=1/2




ただし，ここでは 80=TIUIT hO = 1/2とし，式(1)， (2)， (3)における諸量は次の通りである O
X=(x/yo)/(RePr). Xo=(xo/yo)/(RePr). Y=y/yo. A態ニ(2a/yo)/(RePr).B掌=2A¥RE=e-2I<a. 
U = ul Um. Re = umYOIν， Pr= YCpll/A. NR= ÀICI4σTho3 • rx= ICX. ry= ICY. ryoニ ICYO.
8 U'ニ T"，ITho.θ只=Tg/ThO • θm=Tn/Tho. Tm= \Y~ Tgdy/yo. NUxl=qx1yol IA (Tho-







































との比較をおのおの加熱の場合と冷却lの場合とに 0.1 0.2 0.3 0.4 yO.S 
図 4 流体温度分けIj，し，凶 7には混合平均温度@九ぃ常温⑪九
をIj，す。
加熱壁と冷却壁による温度の差異は二千両i間の
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We consider the necessary and sufficient condition for a suff児ientfor a special areal space A':} lo belong to 
the semi -metric class 
90. INTRODUCTION. In the Finsler geometry， a Finsler space with (a ， /3) -metric is， as 
well known， a space of which fundamcntal function is givεn in the form 
(0.1) F(x，p)=f(a，s)， α= [det(a;t)yγ)]1/2， s =bj(x)/ 
where aり(X)is a Riemannian metric and b，(x) is non-zero covariant vector 
We know， as typical (白司戸)-metrics， so-called Randers' metric F= a十戸
[ 1]*)， and Kropina's metric Fニ α2/s 12] 
(.)ー 1/2On areal spaces A';I， G. T. Bollis [3] gave metric F= a + s， α=(det [gり(X)P1 p}，])1/"， s = 
bit) pl M. where gjf(X) is a Riemannian metric and bij(x) is a skew-symmetric tensor 
Recer川y，the author 14] treatedan areal space A\~') eq山ppeda fundamental funct則 1in the form 
(0.2) F=α2/ s， αニ [det(白川)]1/2，aλμ =aiÞ)p~件， azy二二叫')1'
FニεAμb;.μ/2，b;.μニbit)P~p;." b'Jニん
In that paper， the main result which we obtained is such that 
THEOREM. When a fundamental functiωt of an area space A1:，n) is given by (0.2)， then the 
following two conditions are equivalent: 
( i ).A~n) is of semi-metr ic class. 
(u). The仰 t削 (ρIaー σ'/j(ρ?jj一行i)= 0 holds good 
However， itwas found that the above theorem holds good， even if we rewtiteβas 
s =[det(わけ]1/2，what we give from now on 
91. PRELlMINARY. We coonsider an n-dimensional areal space A~:!) based on the notion of 
the m-dimensional surface-element P 
Let (ど)be local coordinates and (p~) be local representations of p. In this paper， Latin indices 
本 )Numbcr in bmcl?ts refer tοthe referrencesαI the叫10/ thl' tat川
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run over 1 ， 2 ，.， n; Greek indices over 1 ， 2 ，…， m; where 1 < m < n， and we adopt the Einstein's 
summation convention. Other notations and terminologies are employed as same as those of the 
work of A. Kawaguchi 15]. 
We put a fundamental funct問 1of A\~') as 
0.1) F(x，p)=α2/ s 
(1.2) i a =ldEt(GM)11/2，aλμ(x，P)=内(λ)必件，aij ==aji 
s = Idet(bA )]1/へんμ(x，P)=bij(x)P'.< P九bij二二一bji
Next， we define a Legendre's form of a function ({J (x， P) as follows; 
(l.3) L~fl ヂ ]=(ln ({J); 7;f+(ln ({J );'; (ln ({J );j 
where the notation ; 7 means the partial differentiation with respect to p~. 
Differentiating (1 . 2) by P~， we have 
(l.4)α;， ( 1/2) aaÀμGλμ ;~， where aλμGλν = aAI' aνλ=δf 
(1.5) 戸;， (1/2) bAμaAμ; j， where bAμbル=bJ/'b叫 =ao' 
If we introd山 equantities ρ:σ j such that 
(1.6)ρ j=(ln a); a_α1α ， i.σ j=(lη戸);?=戸 1ß;~， 
then we obtain: 
PROPOSITION 1 . pααλ た α 叫 bzニ α a叫 pλ ， σ i=b~ bik P λ， 
Proof). From ( 1 . 4 )， itfollows 
ρj= (1/2)。λμaAI';j= ( 1 / 2 )日λμGλμ(ahkP 1 pt); 7 
PROPOSITION 2 . 
ニ(1/2)αAμ ahk(δfδ1pB+a加。hiP1)
αλιh a a仕 Pλ，
ρf，f=-rβayoδ?δ s δ?δう十aCs aij 
σ?;fニ _baβb吋 σ?σf-σ?σ?十bαβbi}
and analo昭ouslyon σ 
proof). It is sufficient that we do with ρ ?，i f D江旧fたεre白印削n川lt凶 I時 p 7 byP付台partl凶ally，we have 
pf;?=(tEadt);f=よε;九 P~+よεdhrJsf=よε; 戸ε ya ;+aaβaij 
substituting the relation 
ょε;角εyニ(rGεy)，f-rε 日εy;f=_aaε日εy，f
into the above representation， we can rewrite as follows; 
pfj=-aey，hαεδ:十日αβd戸一(aMtpF)，faαεδ ;+aαβaij
=-a片 p~aαß P ;-alリ白αε P~ P ~十日αβa;j=-ajk ayoρ?pf-ρ?ρ;十GGβGり
About σti WE can obtain thE 時 hthand ar凶 ogo凶 y.Q.E.D 
Then， with use of Proposition 1 and 2， we can represent the Legender's forms of a and s such 
that 
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lf we define tensors aらい，P)and b九(x，p) as { :り刊川ρf，rank(a"ii) =n-m 
Y _ d 1 11 "i 
b"りこれーめδσ1σ 'j， rank(b"'J)ニ日-m，
then we have: 
(l. 9) 
L ~;I a I二日αν'j'
Leg仰 dere'sform of a ω~d s a陀 g!世間 inthe form svch that 
L ??IF lzr~:1 
PROPOSITION 3 . 
92. RESUL TS. First of al， we show; 
PROPOSITION 4. The Legendere's form of the fundamental fundamental function given by 
(l.1) together with (1. 2) is 
L~; ]Fjニ 2lJfiαj-L~;31 s j十 2(ρ /3_σ ，;)(ρ p j) 
Proof). Starti時 fromF;~=( α 2/ ß);~= 2αs -1α; ~ -a2 s -2 s ; ~， 
we rewrite the quantity p~ defined by p~=(l叶"); ~ as 
(2.1)ρ?ニF-IF:~=2 αI a ;7-ß→ ß;~= 2 P ~一 σ?
by means of (1. 3). Applying (1. 6) to the fundamenetal fundamental function F， we have the 
L市川irES form of F such that LflFlzpf，f+pfpf，to wh凶 wesubstitute (2.1). then it fol¥ows; 
(22)LflF|=2pf-σ??+(2pf-6f)(2Pj-P f). 
With use of (2.2) and Proposition 3， we can conclude this proposition. Q.E.D. 
By means of the symmetry of aαβand (1.7) (respectively by means of antisymmetry of bαirand 
(l.8) )， weobtain 
PROPOSITION 5 . 
IJflαj=よ~';l'
The symmetric part ofα(resp. s) statisfies the relation 
(附p.L ~; I s j = 0 ) 
From this proposition， ityields: 
PROPOSITION 6 . The s川~metetric part of the Legender's form of F satisfies the relation 
β)β) 
L ~j IFj= 2 aUi' a"ij十 2(ρzσ i ) (ρ1ー σ/)
An areal space in which the relation L (久)IFj=/(3g¥iholds good is said tωo be 0ぱf"semi.rr附 n
yδW一___ ___....1 _a(3 class"， where gぺj=aIj -ara P; P j， rank(gρn-m， and gGI1 is symmetric 
Now， in conclusion， we obtain the fol¥owing theorem wich is the same in appearence as the 
theorem in I 4 j 
THEOREM. When the fundamental functilJ叫 of ω~ areal space A1:，n) is given by (1.1) together with 
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(1.幻，then following two conditions are equivalent 
( i ). A(:;I belongs to the semi.metric class. 
(ii). The relation (ρ( a一σ(?)(PF)y一σβ1)=0 holds good. 
Especially we have 
COROLLARY. When the fundamental function of an areal space A，(nl is given by (J. 1) together 
with (J. 2)， in additi仰， ωh仰 therelation， t内側 therelation ρ?ニ σ~holds good. then the space A (n，~1 
belongs to the metric class and class and it is C01ザimnalto the Riemannian space whose metvic is aij(x) 
Proof). S 山 stiti 時 the relation P ~= σ ~ into (2.2)， we have L ~げ引f円!F、'1= 2 aGα β dイ〆ιんnぺ'}η what ex叩Eゆplain
t山ha瓜tAl1(m附川)belongs mぽ胤E凶t廿n代cclass. More印over，from ρ ? 一σ ~=(l仇n α /s向'1);~=O ， it yields ln( a / s) = c(x). 
Putting co(x)=exp(c(x)). we have F=α2/ s =co(x)αニ co(x)[det(a'j (x) p y pf， )11/2 = [det (ait) p ¥ pj， )11/2， 
where ait)=exp((2/m)c(x))a，/λ)， itshows the conformality 
(昭和60年5月21日受理)
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Measuring System for Duration Time of Commutation Spark and 
Application to the Study of Commutation Spark Number 
Y oshio SUZUKI， Takaya SA W AI and Toshihiko MA TSUDA 
Abstract 
We have developed measuring system for arc duration time of commutation spark. which is fabricated to ev-
aluate a commutation action of D-C machine quantitavely. The superior features of the developed system are 
as follows 1 ) It is enables measuring of the duration time of commutation spark al of the commutator segment 
2 ) Accuracy of the system is within 0.1μs. with 0.5 ms. commutator period (maximum rotation number). 3) It 
makes possible the long time automatic measurement. We have measured the duration time of commutation arc 
to JEC-54 commutation spark number. Findings are: 1) The ratio of frequency distribution has two peaks to 
the duration time of commutation arc. 2) The maximum point of arc duration time in the ratio of frequency 
distribution increases according to the commutation spark number. 3) Arc duration time depends on brush 
materials and revoling speed with the same commutation spark number which is measured with eye. It sug 
gests that 引.aluationof commutation spark with eye measurement is inaccurate. Hence. quantitavεmeasure-




















転についての積算されたアーク継続時間を測定するもの41 整流子 l回転について特定の l枚の
整流子片のアーク継続時間を測定するもの51などであり，測定可能な最小整流時間(同転速度)














ラシ後端と整流子片との接触が弱まり t1からアーク放電が始まる O 区間ム(， = tl -toは，to 
において接触点に高温陰極点が形成されてから陽イオン発生をうながして完全なアークを形成す
るまでの時間おくれである o hで点J瓜し，t2までアークが継続する o taは一般に 2-数10μs程















(c ) (b ) (a ) 
過程電花放火整流図 1
その中間値になることは少な Po従ってこの電放電に到った12(V)以上の値になるのが大半で，




(1 ) E二 J;dtyrz1ィ1dt 
ここで，vα:アーク放電電圧， 1α:アーク電流， ta:アーク継続時間である。
凶-1 (a)の火花放電過程を，同国 (b)のように単純化すると
Eニ川J:'(ト川 dt=jfvaIat (2) 





V" 二 L~-ご LIa/t"dt 
(3) 
(4) 故に Ia==V"t)L 





















b H" " " 111 " n 
カウ/タ
!カウ J トア yプ|ディジタル
(A) (B) 



















す。装置の概要は，以下の通りである O ブラシ (B)の寸法は
10 X 16 X 32(mm) ，整流子 (C)は直径135(mm)で、幅lO(mm)の子片
40枚からなっている。従って ブラシの子片被覆数は 1であ
る。整流子の奇数番子片はスリップリング(S1)に，偶数番





品種を選んだ。この 4品種を S1 -S4の記号で表わし，
非整流
インダクタンスLa































見!1Iけ 比m抗 かたさ l!Jlげf置き 摩1轄 f喜角噴電 品"A:~ 最大
f1降下 流i前!主 問速
比重 (I1Q-cm) (j ，，-) ('Rlcm') fN，教 ( ¥ ) (Vcm' ) (1I/s) 
1.65 日.50 ~O 120 O.:!O 1.1 12 50 
1.60 6.400 48 10 0.20 1.1 12 50 I 
1.60 2.800 H 230 0.24 1.0 10 30 
トー一一一






縦軸は火花頻度F[%]= (各アーク継続時間区間内の継続時間を持つアークの発生数) X 100/ (全
火花アーク発生数)である O 図-5 (a)は，ブラシ Slによる 5号と 6号火花であり ，(b)図はブ
ラシ S3 による 4 号と 5 号火花である O 各 1 回の ì~1j定は整流子300回転分，すなわち整流子片数




ブラシ材質を比較してみると， 1000 rpmでは，最大火花継続時間の大きい順にブラシ品種は S2
>S3>S4>Slであるが， 1500 rpmでは， S3>S2>S4>Slとなっている。凶-5の度数率分
布曲線にみられるような二つの度数ピーク点のアーク継続時聞が，目測火花号数の変化でどのよ
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アーク継続時間 {μsec)
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いIぐ信a¥号、、旬紛¥、¥質  勧 S 1 S 2 S 3 ?ー 4 
1.飢児 1.日加 1.500 1.5∞ 1.はlO 1.日泊 l 
rp偲 rp冊 rp棚 fllm rpm rpm rp側 rpm 
4 号 6.0 日.0 12.0 12.0 10.0 1¥.0 自.0
5 号 10.0 10.0 15.0 12.0 IR.O 16.0 12.0 10.0 
6 号 14.0 12.0 22.0 I 1li.0 18.0 16.0 10.0 
7 号 16.0 14.0 24.0 20.0 2¥.0 20.0 18.0 
8 号 24.0 24.0 24.0 24.0 24.0 24.0 24.0 
表-3 火花号数とピーク点
単位 〔μs)
7マS S 2 S 3 S 4 1.000 1.5∞ 1.0∞ 1.500 1.∞o 1.500 1.000 1.500 rp側 r珊 『聞 rp側 rp側 r珊 rp聞 rpm 
4 号 3.5と5.5 2.5と4.5 6，5と10.5 8.5と15.5 3.5と9.5 3，5と7.5 1，5と8.5 3.5と6.5
5 号 4.5と10.5 4.5と7.5 10ふと14.5 8.5と20.5 10.5と17，5 7.5と13，5 1.5と9，5 4.5と7.5
6 号 4.5と12，5 4.5と8，5 6.5と20.5 9.5と21.5 13.5と19.5 5.5と14.5 9.5と14.5 4.5と8.5
7 号 8.5と14.5 5.5と1:，5 10.5と23.5 10.5と23，5 10.5と23.5 11.5と15.5 9.5と15.5 5，5と11.5














~ 20 ~ 20 
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4 5 6 7 8 4 5 6 7 8 
号 数 号 敏
(a) 1，000 rpm一定の場合 (b) 1，500 rpm一定の吻合
図-6 目測火花号数と火花継続時間の平均値
~ 24 
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MICROCOMPUTER BASED CONTROL SYSTEM FOR 
LEFT VENTRICULAR ASSIST PUMP 
Yukinori SUZUKI， Takashi KOMORO， Hikaru T AKENAKA， and 
Hiroshi T AZA W A 
(Subjects of Elementary Electronics， Department of Electronic Engineering， 
Muroran Institute of Technology) 
Yoshinori MIT AMURA， Eiji OKAMOTO， Toshiyuki SHIMOOKA， 
Jun SASAHARA， and Tomohisa MIKAMI 
(Research Institute of Applied Electricity， Univεrsity of Hokkaido) 
Abstract 
。uringthe left ventricular bypass， itis important to keep the arterial and atrial pressures at a physiological 
levcl to maintain the circulation and at the same time to rest the failing heart (recovery of the failing heart) 
We have developed a microcomputer based control system for the left ventricular assist pump (L V AP). The 
control system regulates the arterial and atrial pressures at a physiological level by adjusting the cardiac out 
put of the L V AP. The superior feature of the control system is that it has an indirect measuring system. The 
arterial and atrial pressures are observed from the careful analysis of pressure in the L V AP air chamber. The 
assist air pressure shows that the air pressure at the specific momentary points when a diaphragm begins to 
move reflects the pressure in proportion to the arterial or atrial pressure. The specific momentary points are 
monitored by an optical diaphragm position sensor when a diaphragm begins to move at a systolic or diastolic 
period of L V AP， and the pressures at those points are measured by means of a drive air pressure transducer 
1¥ microcomputer obtains the indirectly measured arterial and atrial pressures through the A/D converters 
Thc control syslem regulales lhεcardiac output of L V AP by adjusting the driving conditions (driving pres 
日日仏、aCllumprどssure，eJとctiondur抗ion，and driving rate) according to the indirectly monitored parameters 
Thc conlrol :ザslemconsists of an optical diaphragm position sensor， pulse motor driven pressure regulators‘a 
drive air pressurc transducer， and a microcomputer. As a result of in vitro experiments， the control system 
regulated the arterial and atrial pressures smoothly at a desired level 
INTRODUCTION 
The need for a mechanical circulatory assist device to support the failing heart has been well 
recognized. In the U nited Statεs alone， more than million deaths are due to cardiovascular renal 
disease， accounting for about 55 percents of al the deaths. A large proportion of these deaths is 
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from coronary art巴rialdisease， and it has been estimated that half of patients who died could havc 
been helped by mechanical circulatory assistance. Many of these patients are men in the most pro 
d ucti ve years、duringwhich their family responsibilities are greatest. In cardiogenic shock condi 
tions， inadequate cardiac output induces decrease in blood pressure and iI1crcasc in peripheral re 
sistance. Resultant impaired coronary circulation and venous return would decrease cardiac output 
moreover (1， 
A L VAP is used as a circulatory assist system to maintain the circulation and to assist the re 
covery of the failin耳heartin a cardiogenic shock. The artificial pumps are mainly divided into two 
groups， i.e.， the air driven type and the mechanical driven type. The air driven type artificial 
pump is mostly used at many institutes in the world. The pump has several different designs such 
as the sack type， diaphragm type， tube type， and pusher plate type. All kinds of thcse pumps are 
the pulsatile pump， namely， the pump expels pulsatile blood flow to the aorta. which is realizecl by・
a back.and.forth motion of the diaphragm or the pusher plate. There are some kinds of blood ac. 
cess methocls for an assist pump， i.e.， the left ventricular apex to aorta， left atrium to aorta. left 
atrium to the femoral artery， biventricular bypass. ancl so on 
The diaphragm type assist pumps was usecl from the standpoint of that the diaphragm type pump 
has the best volume efficiency compared with the other air clriven type assist pump. Fig. 1 shows 
the structure of the developed assist pump (2). The assist pump is an air driven diaphragm type 
pump. It takes the blood from the left ventricle through the apex ancl sencls the bloocl to the aorta 
(Fig. 2). The assists pump consists of a cannula for the suction of bloocl. pump bocly， ancl a cannu. 
la for expelling the blood 
8: Boci<凶at~ D:Di。前、rogmH:Housing 
V;Va'v~ A: Air i刊~t
Fig， 1 S tructure of the developed assist 
pump 
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-lar assist pump 
MICROCOMPlITEI{ BASED CONTROL SYSTEM FOR LEFT VENTRIU:LARλSSIST PUMP 
The L VAP has !wcn appliecl to more than a hunclrecl patients clinically in the worlcl. However， 
the results of the clinical applications were not always satisfactory. One of the reasons is thought 
that the control system for L V AP to s社tisfythe requcst ()f the human circulation has not been clc. 
velopecl. The variolls clrivin耳 moclehas been clevelopecl， i.c. an asynchronous clrivin日moclc.syn 
chronous clri vin再 mocle.volllme trig耳ereclclrivin耳 moclιanc!50 on. In the asynchronolls clriving 
moc!c， the L VAP is clriven with fixcc! ratc inclepcnc!ently of the natural heart. It is the most simple 
driving moc!e. In thc日ynchronollsc!riving moclιthe L V AP is drivcn by the c!riving日ystemsyn十
chronizing with R.wa、eor T.wavc of thc electrocarc!iogram. The川.nchronousdriving moc!e is able 
to realiZl' a cOllnterplllsation. The cOllnterplllsation is aclvanta日COll日 fromthe stanclpoints of in 
creasing the coronary blooc! flow anc! at the same time c!ecreaメingthe afterloac!. The volllme trig 
耳erecldrivin耳 mocleis advantageous from the standpoint of antithrombogenisity. However， these 
clriving modes clo not respond aclaptively to the hemodynamics clllring the left ventricular bypass 
We have developed the microcomputer based control system for the L V AP lIsing the only in. 
directly monitored p昌rameters.which controls the L V AP rcsponcling to the hemoclynamics， i.e.， 
arterial and atrial pressllres. DlIring thc left ventriclllar bypass. it is important to kcep the arte 
rial and atrial presslIres at a physiological level to maintain the circlllation ancl at the same time to 
rest the failing heart (recovery of the failing heart). Rεalizing such a control system， itis essential 
to measure the呂rterialand atrial pressures. However， the chronic measurements of these parame 
ters arc clifficult by conventional methoc!s. Careflll analysis of an assist pump air chamber re 
vealcd the air pressure at thc specific momentary point when the diaphragm begins to move re 
flectin宮 prcssllrcsproportional to the artcrial and atrial pressllres. The control system regulates 
thc arterial ancl atrial pressures at a physiological level by adjusting the carc!iac output of the 
L V AP based on an inclirectly lllcaSllrecl pressures. The cardiac output of L V AP is changecl by the 
driving conclitio日日，i.e.， the driving pressure， vacuum pressure， ejection duration， and the clriving 
rate 
OPTICAL DIAPHRAGM POSITION SENSOR (3) 
Sensing of the instantaneOllS position of the flexing diaphgra耳mby the optical日ensoris basecl on 
the attenuatioll of light intensity by its distance from a li耳htsource. Thc dcsign objectivc of this 
scnsor was to cletect the clistance of the cliaphragm up to 3 cm (the maximllm stroke clisplacement 
of the diaphralll in the present pump). The optical sensor consists of a phototransistor (sharp， Tp. 
S50， angular response. S clegrees) interposecl betwcen 2 infrarcd clllittcrs (sharp， GL.513f， beam 
anglc. 50 clc日rees).The sensor is attachcd to the backplate of a pnellmatic pump facing the cli 
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aphragm. A white round fabric of 15mm in diameter is attached to thεcenter of the diaphragm as 
an optical reflector. The infrared ray reflected by the diaphragm， gives the phototransistor the in-
verse function of the power of the diaphragm displacement.The two infrared巳mittersare used to 
emit intense infrared rays， and thereby give a sufficient signal level to the phototransistor. Also 
the alignment of th巴phototransistorin the middle of the two infrared emitters minimized the effect 
of an inclination of the diaphragm at the same distance on the output of the phototransistor. The 
block diagram of an optical sensor circuit is shown in Fig. 3 . The infrared emitters are flashed in 
a series of pulses of 2 KHz to increase the Jight intensity. The phototransistor circuit is designed 
to amplify the light intensity. The phototransistor output is filtered by a band-pass filter. Only the 
2 KHz signal is fed into the detector. Since the change in room light is usually slow， such a change 
does not affect the phototransistor output. The detector then extracts the diaphragm displacement 




Fig. 3 Block diagram of optical sensor circuit 
警旦
Eout 
MEASUREMENT OF ARTERIAL AND ATRIAL PRESSURES 
Careftll analysis of the artificial pump air pressure shows that the air pressure at the specific 
momentary point when the diaphragm begins to move reflects the prεssure proportional to the 
arterial pressure. When the drive air pressure is increased gradually during the systole， this 
pressure is transmitted to the blood in the pump through a flexible membrane and therefore the 
blood pressure in the pump is also increased slowly. In the beginning of the systole the pump 
pressure is higher than the atrial pressure but lower than the arterial pressure. Therefore the di 
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aphragm can not move during this period. Once the pump pressure exceeds the arterial pressure， 
thc diaphragm begins to move. The air pressure at this moment reflects the pressure proportional 
to the arterial pressurc value. The diaphragm movement can be monitored by the optical senser 
(see Fig. 4) 
Pair=Pa+APdia 




start of filling 
Fig. 4 Principle of artcrial and atriaI pressure measurements 
The atrial pressure may also be determined from the information derived from the artificial 
pump air pressure. The principle of determining the atrial pressure from the drive air pressure is 
the same as in measuring the arterial pressure. During a diastole in the atrial pressure measuring 
mode， the air pressure decreases to an atmospheric pressure slowly. In the beginning of the di. 
astole， the air pressure， that is the blood pressure， remains below the arterial pressure but above 
the atrial pressure. In this period the diaphragm can not move. Once the air pressure becomes be 
low the atrial pressurc， inflow to the pump starts and the optical sensor output exhibits an abrupt 
change. The air pressure at this moment is closely correlated with the atrial pressure (see Fig. 4 ) 
(3) 
In the normal driving mode the three.way solenoid valve (FSIT.03.3， Chukyo Denki) EMl switch. 
es the driving line back and forth between the pressure and the vacuum accumulator， then the 
other solenoid valve EM2 is magnetized to connect the reservior. Before the arterial pressure 
measuring mode， thc air in the resevior is discarded to the atmosphere to decrease the reservior 
pressure to 0 mmHg. After the completion of decreasing the reservior pressure， EM2 is also magne. 
tized (see Fig. 5) 
In the arterial preSSllre measuring mode， microcompllter (2 80 based on processor) sends the 
control pulses to the pulse mother attached to the pressure regulator (Filldex 11-018， Norgren 
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Fig. 5 Block diagram of air circuit 
Tokyo Automatic Control Company) to increase the driving pressure slowly. and the microcomput 
er receives the derivative of the diaphragm movement signal (diaphragm velocity signal) and the 
drive air pressure through the A/D converters (4). When the diaphragm velocity signal changes 
abruply， i.e.， the assist heart begins to pump blood into the systemic circulation against the arte 
rial pressure， the drive air pressure at that moment is fed into the microcomputer. After the arte~ 
rial pressure measuring mode， the microcomputer makes the pressure regulator return to the pre 
vious position by means of the pulse motor， and the normal driving mode is continued 
The feasibility of the method of obtaining the arterial pressure by means of the opttcal sensor 
and the drive air pressure transducer was intensively tested by in vitro on a mock circulation. The 
mock system consists of an aortic compliance (air cushion chamber)， a peripheral resistance (back 
pressure regulator)， and an atrial reservior. The pump filling pressure was maintained constantly 
by returning thεoutput to the atrial reservior. Fig. 6 shows the arterial pressure measuring mode 
Fig. 7 shows the relation between the arterial pressure measured directly by a pressure transduc~ 
巴r(P AO) and the estimated pressure by the optical sensor and the drive air pressure transducer 
(PDs) with good relation. The relationship between them is described throgh a linear regression by 
the equation PDs =0.92・PAO+8.92 (r =0.996， n = 9). 
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Fig. 6 Arterial pressure measuring mode 
The atrial pressure measuring 
日lOde.EM2 is demagnetized to de← 
crease the reservior pressure to the 
zero mmHg， The driving pressure is 
，decreased slowly until A/D converter 
receives the derivative of the di 
Y 
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the linear regression by the equation PDs 
Fig. 8 Relationship between estimated atrial pressure 
and directly measured atrial pressure =1.03・Pat-1.19(r=0.996， n=8). 
THE CONTROL SYSTEM 
The block diagram of the control 
system is shown in Fig. 9 . Thεcon-
trol system consists of a pressure 
regulator， a vacuum regulator 
(三()l日 rCI;lO‘ Hammel Dahl)， two 
pulse motors (one is the attached to 
the pressure regulator and the other 
one is attached to the vacuum reg 
ulator)， optical diaphragm position 
sensor， drive air pressure transduc-
er， and the microcomputer. The 
pulse motor and the pressure regula . 
tor and/or the vacuum pressure are 














optical diaphragm position sensor Fig. 9 810ck diagram of d<eveloped control system 
and the drive air pressure transduc-
er are used to measure the arterial and atrial pressures indirectly. 
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The manipulated parameters of the air driven diaphragm type assist pump are 1) driving pres 
sure， 2)vacuum pressure. 3) driving rate. and 4) ejection duration. 1n the developed control system 
al of these parameters can be manipulated. The driving pressure or the vacuum pressure is reg 
ulated by adjusting the pulse motor attached to the driving pressure regulator or the vacuum pres. 
sure regulator. The pulse motor is controlled by the microcomputer. The microcomputer sends the 
control pulses to the pulse motor through the 8255 programable peripheral interface. The ejection 
duration or the driving rate is also controlled by the microcomputer， namely， the microcomputer 
sends the control pulse to the electromagnetic valves in the control system. 
We have performed the arterial and atrial pressures control at a physiologicallevel by adjusting 
the driving pressure using the developed control system. The number of control pulses were sup-
plied to the pulse 1)10tor， which changes the driving pressure， was in proportion to the difference 
bet ween the desired arterial or atrial pressure and the indirectly measured pressures. 
Pnubニ G・(Pdesire-Pmeasure) 
where: Pnub ; numb巴rof control pulses 
Pdesire ; desired arterial pressure 
Pmeasure ; indirectly measured arterial pressure 
G ; proportional gain 
The pulse motor rotates 1.8 degrees per 1 control pulse and the pressure regulator makes the 
driving pressurc incrcase about 1.8 mmHg by one control pulse 
The arterial and atrial pressures control was tested using a mock circulatioll. Fij.(. 10只ho明メ the
control of an arterial pressure by adjusting the drivin宮 pressure.1n the beginnin耳 ofthe conlrol. 
the driving pressure is about 30 mmHg and the mean arterial pressure was about 25 I1lI1lIIg 
However， a few minutes later the mean arterial pressure was regulated at about 100 mmHg since 
the control system makes the driving pressure increase to about 230 mmHg. The optical control 
gain G was determined experimentally. If G is larger than 1.5， an overshoot or an oscillatioll is 
observed in the response of arterial pressure control. If the proportional gain G is less than 1 .5， it
requires much time of control the arterial pressure at a desired level. Hence， 1.5 was chosen as the 
optimal proportional gain 
The atrial pressure control by the developed control system was also tested on a mock circula-
tion. The constant flow was supplied to the atrial reservior and the pUl1lp outflow was discarded 
though the peripheral resistance. The peripheral resistance was adjustable by the backpressure 
regulator. The atrial pressure was also regulated by adjusting the driving pressure in proportion 
to the difference between the desired atrial pressure and the indirectly measured atrial pressure. 
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derivative of optical sensor output (V) 
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Fig. 10 Arterial pressure control by developed control system 
Fig. 11 shows the atrial pressure control. Bεfore the control. the atrial pressure is about 15 mmHg 
and the driving pressure was about 90 mmHg. However. a few minute later. the atrial pressure was 
regulated at about 6 mmHg of the desired level. 
DISCUSSIONS 
The objective of the L V AP is to maintain the circulation and at the same time to rest the failing 
heart (recovery of the failing heart). The L V AP has been applied to more than a hundr巳dpatients 
clinically i日 theworld. However. the results of the clinical application were not always satisfac 
tory. One of the reason is thought that the control system for L V AP did not satisfy the request of 
the human circulation 
Umezu et al. (5) have developed a microcomputer based automatie control system for the L V AP. 
which regulates an arterial pressure. atrial pressure， and total flow at a physiological level by ad 
justing the percent systole of an assist pump. They tried a chronic experiments by using seven 
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Fig. 1 Atrial pressure control by developed control system 
adult goats in which the L V AP is implanted between the left atrium and the ascending aorta. They 
tried two kinds of a control mode， one is the left atrial and arterial pressures level control (group 
J )， and the other one is the left atrial pressure and the total flow level control (group I). As the 
results of two kinds of experiments. the hemodynamics of the group Igoats is more stable than 
that of the group 1 . 
Kitamura et al. (6) fabricated an adaptive control system for the L V AP， which controls the 
trapezoidal piston motion. In their system， a blood pump is driven pneumatically by a hydraulic 
stepping cylinder， and a minicomputer is employed for a real time controller. The control algo 
rithm is 1) state estimation of the hemodynamics. 2) identification of the parameters in a left ven 
tricular and systemic circulation， and 3) optimization of the stepping of the pump driver. They 
tried the automatic control of the arterial pressure by using a mock circulation. 11 vitro experi. 
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ment. referential value is 100 mmHg and the control error is within 5 % 
McInnis et al. (7) proposed adaptive control system of L V AP. which realized the automatic con 
trol of the arterial and atrial pressures by adjusting the pneumatic driving pressure and vacuum 
pressure. The system design includes a two.input.two.output adaptive control algorithm which de-
termines the value of the control variables. The control system determines the optimal PID control 
gain adaptively to hemodynamics every heart beat based on the ARMA model of the cardiovascu-
lar and the left ventricular systems. In vitro experiment was performed by using the mock system 
The control system regulated the arterial and atrial pressures at a desired level by adjusting the 
driving pressure and the vacuum pressure adaptively to hemodynamics every heart beat. However. 
it was difficult to the direct application of the modern control theory to the L V AP system. be-
cause the system includes many nonlinear elements. 
The superior points in our developed control system are indirect measurements of output para-
meters(arterial and atrial pressures). While the knowledge of the arterial and atrial pressures are 
essential for controlling L V AP. chronic measurements of these parameters have traditionally been 
very difficult to obtain in the LVAP implanted animal. The difficulties of obtaining the accurate 
measurements are a results of drift. vascular erosion. thromboemboli and infection associate with 
implanted or percutaneous transducers. Our indirect measuring system is free of these problems. 
In the arterial pressure measuring mode. driving pressure was increased gradually during about 
500 msec. During this period about 10 mmHg end-diastolic arterial pressure decreases from end-
diastolic arterial pressure in the normal driving mode due to the reduction of the assist pump 
stroke volume. While these measuring modes requires a litle bit slower change in drive air pres-
sure than the normal driving mode. these do not seem to impair the pump function and hemody-
namic in the assist pump implanted animal 
In the current measuring mode. slow increase of driving pressure is necessary for measuring 
arterial pressure or atrial pressure. Because the derivative of optical sensor signal is about 70 
msec behind the assist pump flow. Therefore. when the movement of the diaphragm is detected. 
driving pressure h 
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f¥ects more gεneral hemodynamic condition than the systolic pressure during left ventricular 
bypass. In our control system， arterial and atrial pressures are controlled and measured intermit 
tently. However， from the standpoint of clinical application， time interval of the control system has 
no problem， because hemodynamics of human circulation is slightly affected during that time in-
terval 
CONCしUSIONS
A microcomputer based control system for L V AP has been developed. It has the indirectly 
measuring system. The control system regulated an arterial and atrial pressures smoothly at a de 
sired level by adjusting the cardiac output of the L V AP. It can be concluded that the developed 
control system for L V AP is effective for the automatic control of the arterial and atrial pressures. 
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A Study of Methods of Measurement for Neutral Gas Temperature in Positive 
Column of Glow Discharge 
Yuuji Matsuura and Takeshi Sakaguchi 
Abstract 
ThermOCOllple or thermistor is widely used in order to measure nelltral gas temperature in positive column 
of glow discharge. Since the state of plasma is disturbed by the setting of thermocouple or thermistor， some in 
accuracy for measured values cannot be avoided 
While， the interference method does日otremarkably disturb the state of plasma because of the use of weak 
laser beam. We compare the data obtained by interference method with those by thermocouple 
It is concluded from the comparison that measured values by two different methods almost agree with in the 






















範問内で一致することが判った。すなわち庄力が3~40 Torr (管半径 9mm) の範囲では，熱電
対等でガス温度をしてもさしっかえないと云える。
2.実験方法























































103→ Pi は圧力が103torrから Pitorrへi直接変化させた時のものなを凶 4-1において，
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( b ) .放電を起こし，その時の縞の移動数ムN'(=0.5本)と方向(圧力増加時と逆j汀h]) を
観測する。
( c ) .放電後の圧力九をマノメータで測定する O






る帝度 (=14.7X101o (l/cnfJ) として求められる。
こうして得られた密度と放電後の圧力れから，放電時の中性ガス分子沿度 Tgは，
















Densify of Molecule 
N3=14.7 
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j" ガ 1ix 放電前 放電後 干 干渉法による 誤差
ス 電 渉移
タ の 電 管内 圧力 分子 圧力 分子 測定 縞動 分子 分子 (T Tg) 
一番 種 流 温度 P2 密度 P~ 密度 温度 T 数 密度 温度Tg T 
号 類 mA 。K Torr xl0帽 Torr Xl0禍 。K 本 Xl0帽 。K % 
25.0 280 4.2 14.5 4.6 12.6 353 0.3 12.1 367 4.0 
トー
2 26.0 280 5.7 19.7 6.3 17.0 358 0.34 16.4 371 一3.6
ドー一
3 25.5 279 3.2 11.1 3.6 9.9 353 0.13 9.8 355 0.6 
f-一
4 チ 27.0 281 6.2 21. 3 7.0 17.7 382 0.5 16.2 417 9.2 
ト一一
3 lノ 15.0 282 3.3 11. 3 3.5 10.0 338 0.22 9.9 341 0.9 
ト一一
6 ソ 27.0 278 7.5 26.1 8.4 19.4 418 0.82 19.2 423 1ー.2
ト一一
7 25.0 276 5.3 18.6 6.1 14.3 413 0.5 14.7 401 +2.9 
ト一一
8 * 25.0 281 3.5 12.0 3.9 10.7 353 0.29 9.8 384 -8.8 
ト一一
9 * 25.0 281 4.9 16.8 5.4 14.8 353 0.29 14.5 360 -2.0 
トー一
10 * 25.5 281 6.2 21. 3 6.9 17.9 373 0.5 17.5 381 一2.1
r--
1 * 27.5 281 7.1 24.4 8.1 20.1 389 0.5 20.4 384 + 1.3 
12 ネ 15.8 276 31. 0 109. 32.5 104. 303 0.29 101. 3 1 1 -2.6 
トー一 オ

























? ? ? ? ? ? ? ?
[・K]400 300 





松 ilt 勇二・坂口 成
参考文献
1 )例えば 坂口・畑中・瀬戸・内1土:電気学会論文誌A 58-A 50， p405 (0()58-7) 
2 )電気学会: 放電ハンドブソク改訂新版， p329 (s[l53-7) 






















1984. 4 .30 











































1984， 7 .21 























































































1721(1984) Electrochim， Acta 
l'vIetal Electrodes Bonded on Solid Polymer 
Electrolyte l'vIembranes (SPE) ← I. The 









































1985. 1 .18 




















? ?? ? ??、 、?
??
、








1985. 2 . 7 



































1985. 2 . 7 


































? ? ? ??
?
?


























Kinetics for the Protonation of 2 ， 3 . 4 ，5 ~ 
Substituted Cyclopentadienone Anion Radic. 


























? ? ? ?
H幸


















Characteristics of the axial temperature dis 
tributio日 in an externally heated， solid-gas 
COllntercurrent moving bed 
Hiroshi 
TAKAHASHI 
















1984. 8 . 4 






































? ? ? ?
??
1984.1l. 7 
















1985. 3 .28 アルカリ型流動層燃料電池の酸素極特性
語れ時間をもっ装置のマイコンによる蹴制
?????????






















































































27. 1 -4 
(1985. 3 ) 
?????????????
?
27. 5 -8 
(1985. 3 ) 
開発技報太平洋炭破3炭層の石炭封庄試験
種々の破壊方法による石炭の粒度分布特性
? ? ? ? ? ? ?????????
27.36-39 


















小 1984. 4 . 5 



































1984. 6 . 9
日本鉱業会北海道支
部春季講演会
? ? ? …
賢
??????







































Rock Fracture around Longwall panel in 













































































(1985. 3 ) 開発技報
? ? ??? ??????????? ?? っ? ?? ??? ??? ?
????
















Hew Zealand Con. 




gesponse of a Two.Oimensional Wedge by 
Taking the Effects of Shear and Bending Mo. 













中村作健太郎 厚肉円筒桁の光弾性実験による三次元応力解 土木学会北海道支部 (41) . 1 -6 松|判 析とその考察 論文報告集 (1985) 田中 功
浮 田牧知純高 之
能(;i'j町小 専雄) 
斜面における地震時崩壊土塊について 土木学会北海道支部 (41) .43-46 (北j毎道大) 論文報告集 (1985) 
松jiE |品l健徳 光
j松p 岡健徳光
フィルダムの国有振動モードの検討 土木学会北海道支部 (41) .47-50 能町純雄 論文報告集 (1985) 
(北i毎道大)
f松7 由|品! 紀健 之
二層向心円柱を伝わる弾性波の位相速度につ 土木学報告会北海道支部 (41) .73-76 }能.~~ 町 海純徳道大光雄) いて 論文 集 (1985) 
(北
谷伴 1 光岡IJ 
|刈健徳 一 リプ付円筒体の衝撃応答解析について 土木学会北海道支部 (41) .77-80 
能 町(北j毎純道大雄) 
論文報告集 (1985) 
(専上修道海純敬健道短大大雄司) ) 無限円板上の減衰パネへ剛体を落下させた場 土木学報会告北海道支部 (4l 1)，81-84 能町 合の衝撃力について 論文 集 985) |(吋北 ) 
柏松能 町田|吋 健純俊 次一雄
すべり面形状を任意形に仮定した時の斜面の 土木学会北海道支部 (41) .93-96 
(北i毎道大) 安定解析 論文報告集 (1985) 
浮田牧知高 之u月小 専)
松作 |吋 健徳 光
積雪や砂利道での路面凹凸のスペクトル解析 土論木文学報告会北集海道支部
(41) . 
田中 功 97-100 
能町 i争iW (1985) 
( ~辛蘭市)
佐藤良一 土論文木学報告会北集海道支部(百十iflJ技販) (41) • 
徳光 測定データの曲線補間に関する一考察 137-140 
田中 功 (1985) 
松岡健一
松J.r:岡健徳光4 入射せん断波を受ける弾性体中にある厚肉円 31A. 構造工学論文集 465-472 能町海純道 雄 筒の動的応答 (1985) (北大)




































































































































sium on Design and 
Synthesis 




















ADS~ 1・ANew General-Purpose Optimiza 














NUMET A 85 confer 
ence 




























































tal Engineering， held 
at Houston， USA (to 
be published by 
ASCE) 
Wave power extraction at coastal structure 









































































































Memoires of the 
Muroran Institute of 
Technology， Science 
and Engineering 
Development and Application of Predictor 









Memoires of the 
Muroran Institute of 
Technolo耳y， Siencc 
and Engineeri日宮
Relationships Between Skid.Resistance 
Measurements with the Ribbed and Blank 










Mechanistic Model for Predicting Seasonal 












Skid. Resistance Measurements 
and Ribbed Test Tires and 
tionship to Pavement Texture 
lohn.J 
HENRY 























































































Proceedin耳S of the 
8th World Confcr 
ence on Earthquake 
Enginecri日耳
建築工学科・国学
Effects of the Rate of Cyclic Loading on thε 




























?? ? ? ???
リj
規
































































































































































































































































































































????? ????? ?? ?
1984. 
4062-4063 
Proceedings of In 
ternatinal Confer 





A Comparison of Noise Annoyance in the 





























Congress of Bio. 
meteorology 
主内気流と体感









(58) 5 -8 






















































































































































(1984) Bulletin of JSME 
機械系(機械工学科，産業機械工学科，第二部機械工学科)
Propagation of Elastic Wave in a Finite 

























? ? ? ?
? ? ? ?
正
政
















Bulletin of JSME 
縦衝撃を受ける丸棒の弾塑性波に関する研究
The Influence of Rise Time of Longitudinal 
Impact on the Propagation of Elastic Waves 















?????? ? ??? ?
??
??













































A Numerical Study of Gas.Particle Super. 




























































































1985. 3 . 9 
室蘭1:大研究報fi





























































































































































































































































































Memoirs of the 
M uroran Institute of 
Technology (Science 
and Engineering) 
High Reynolds Number Flow in Capillary 
Tube with Spiral/Bend Portion (Experimental 














Proceedings of the 
5th International 
Symposium on Gas 
Flow and Chemical 
Lasers 
(Inst. Phys 
Ser. No. 72) 
An Investigation of Supersonic Mixing CO2 












Proceedings of the 
14th International 
Symposium on Rare 
fied Gas Dynamics 
(Uni. Tokyo Press) 
t'pplication of Glow Discharge in Supersonic 








Abstracts of the 4th 
ISAS Space Energy 
Symposium 
































1985. 2 .12 




































































Hiromitsu Comments oI1 “A Precompensator Design to lnternational Journal 40-4 
HIKITA λchieve the Decoupling Condition in the Fre~ of Control (1984) quency Domain" 
渡疋 辺田 剛弘 志光、 プラントの特性変動に対する非干渉系の振舞
第17回計海測道支自動制御術
Lミ 学講会演北会 部学 1985. 2 . 7 
久高 保長教u海怖道弘洋舛 TIPS -1システムにおけるバウンダリーモデ 精学集機術学講会演北会海講道演支論部文 (1984) 
































SINHA TlPS-1'83 Version Vo1.5-2-Software Cornell Univ. (MME Hiroshi 1984 
KUBO Document: T1PNPR -10) 
K.K 
WANG 
村菊 本地 和千 之夫 球状黒鉛鋳鉄の溶接における熱影響部の検討 回日全本国集鋳講物演協大会会第講10演5 1984. 5 
概要
坂久 口謙二




究海発表 i寅 業集 1985. 3 
177 



































































































(1985) Trans ]1M 
The Effects of Manganese and N itrogen on 
the Recrystallization Textures in Cold-Rolled 


























































































Reports on Progress 
in Polymer Physics 
in Japa日
Changes of Pole Figure for Apatite Accompa-

















Reports on Progress 
in Polymer Physics 
in Japan 
Molecular Motions of Crosslinked Polyisop-













(1984) Polymer Bulletin 
Dynamic Mechanical Properties of Crosslink-















Dielectric Properties of Slightly Hydrated 














( 3 ) 308
(1984) 
J pn_ 1-AppL Phys 





Voltage-Current Characteristic in Lead-Zinc 











Crystal Growth of Organic Conductors by 
Electrocrystallization under Hydrostatic 































digest “Optics in 
Modern Science and 
Technology" 
色素薄膜による位相共役波の強度反射率H
Phase conjugation by degenerate four wave 



































































Current.limiting Factors and the Location of 
the Reaction Area in PTFE-bonded Double 










Journal of the Elec 
trochemical Society 
Electrochimica Acta 
Chromium-doped Raney Nickel Catalyst for 
Hydrogen Electrodes in Alkaline Fuel Cells 
“Effects of Surface Structure on the Elec今
trochemical Properties of Ni-Metal Complex 








(1984) Soild state commun 
Anomalous superconductivity in Black Phos-






K. TACHIKA W A 
(金属材開)




























































M. KINOSHIT A 
(東京大)
Highly.angel-resolved Ultraviolet Photoemis 
sion study of a Black phosphorus Single Phys， Rev 
crystal 
Electoronic Structure of Black Phoshorus Stu. 
died by Palarized soft.x.ray Emission and Phys， Rev 
Absorption Spectroscopy 
Synthesis of single crystals under High 





Pressure Induced Phase Transitions in Black 
Phosphorus 
Negative Magnetoresistance and Anderson 
Localization in Black Phopsphorus single 
Crystals. 
181 
Material Science of 
the Earth's Interior， 
edited by Sunagawa 





Solid State physics 
under Pressure， 
edited by S. Mino. 



















































































































































































































































































Conference on Fu 
sion Reactor Mate 
rials 
Fe別B20-xSi，非品質合金の結晶化過程(ll)
Effects of Proton Irradiation on the Mechanic 




















































































計tヰi田 1985. 2 . 5 

























































































































































































Conference on Fu 
sion Reactor Mate 
rials 
Small Specimen Fracture Toughness Tests of 



























? ー ? ? ? ????????


















































Preprint Volume: 7th 
International Con-
ference on At 
mospheric Elec 
lncity， 
June 3 -8.1984， 
Albany， N. Y 
電気系(電気工学科，電子工学科，第二部電気工学科)
On the [on Production and its Behaviors Dur 































? ? ? ?? ? ? ???
お7















Carbon dioxidc dissoci品tionand buffcrin耳1I1














Cardiovascular shunts in the avian embr、o
and comparative model 呂nalysis of central 





Dr. W. Junk 
Publishers 
Carbon dioxide transport and acidbase ba 
lance in chickens before and after hatching 
In: Respiration and Metabolism of Embryonic 
























The 11 -th Congress 











































Proceeding of the 
ll-th Congress of 
the European Sosie 
ty for Artificial Or. 
gans 















Japanese Journal of 
Artificial Organs 
Automatic Control of Arterial and Atrial 


































































































































































































































































Science and Engineering 
Nov.， 1985 Whole No.35 
Devァclopmentand Application of Predictor Model for Seasonal Variations in Skid Resistance 
( I ) -Generalized Model-'" ....... Kazuo Saito， John J. Henry and Robert R. Blackburn 1 
Experimental Study on Shearing Strenght of Four Pile Caps 
.. Kazuo Ohtsuki and Tsutomu Tsuchiya 25 
A Study on Elastic Waves in a plate Subjected to Impact Loads on Its Free Edge 
"""""" Masashi Daimaruya， Masachika N aitoh， Kouhei. Hamada and Yasuo N ara 43 
An Experimental Study on a Small Propeller Type of Wind Turbine， 4th Report 
--E:.，timation of the turbine power characteristics in natural winds 
，. Kyokai Okuda and Hideaki Yamagishi 55 
Impact Sound Radiated from the End Surfaces of a Ram 
....... Kohshi Nishida and Toshiaki Yoshii 63 
A probe for Automatic Measurement of Spatial Acoustic Intensity 
........ Kohshi Nishida and Masao Iwakura 71 
Non-Diaphragm Shock Tube and Shock Wave in Low Temperature Gas. (First Report) 
" Kazuo Maeno 81 
Grain Growth of Aluminium Sheets during Strain-Annealing Process in Temperature 
Gradient Furnace..'..........，.. Kohsuke Tagashira， Masachika Masuda and Kazuyuki Kikuchi 95 
A Study on the Characteristic of Combustion and Heat Transfer of a Flame (3rd Report 
The Effect of the Ambient Pressure to the Analogic Jet Flame)・・・・・・・・・・.Masayoshi Kobiyama 107 
Analysis of Radiative Heat Transfer (6th Report. Difference of characteristic betw巴en
heatin耳andcooling wall conditions in case of combined heat transfer with radiation and 
convection between two parallel plate)・・・・・・・・・・・・・・・・・・ー・・.................... Masayoshi Kobiyama 115 
On Areal Spaces Based on the Fundamentel Function F = α2/戸(n) ・・・・・・ TakanoriIgarashi 121 
Measuring System for Duration Time of Commutation Spark and Application to the Study of 
Commutation Spark N umber ......， Yoshio Suzuki， Takaya Sawai and Toshihiko Matsuda 125 
Microcomputer Based Control System for Left Ventricular Assist Pump 
"Yukinori Suzuki. Takashi Komoro. Hikaru Takenaka. Hiroshi Tazawa. 
Yoshinori Mitamura. Eiji Okamoto. Toshiyuki Shimooka. 
Jun Sasahara and Tomohisa Mikami 135 
A Study. of Methods of Meaurement for Neutral Gas Temperature in Positive Column of 
Glow Discharge ................................ ......... Yuuji Matsuura and Takesi Sakaguchi 149 
Other Achievements in Studies for 1984 bv Professor in this Institute.............................. 159 
日目和60fl1月26日 印 届リ
(非売品)
昭和160;ド1月30日 発 n 
編集兼 室 蘭 工 業 大 字発行所
印刷所 室蘭印刷株式会社
室蘭市本田T2丁目 5番 17 
TEL(代)24-5141
